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813. Studies in Pyrolysis. Part XV.* Competitive Routes in the 
Pyrolysis of Various «-Substituted Benzyl Esters: A Novel Route to 


a.-Diketones. 
By E. Jones and P. D. RITCcHIE. 


Benzyl benzoate, and its derivatives containing an electrophilic «- 
substituent (e.g., CN, Br, COPh), break down pyrolytically (vapour phase, 
ca. 500°) by two competitive primary reactions: (i) a predominating acyl— 
oxygen scission by what is essentially a retro-Tishchenko reaction, and (ii) 
disproportionation to benzoic anhydride and a labile ether; also there is 
(iii) a novel reaction yielding an «-diketone. If the a-substituent is nucleo- 
philic (e.g., a further Ph group), reactions (i) and (iii) do not occur. Other 
analogous pyrolyses are described, and possible reaction mechanisms are 
discussed. 


It was shown previously ! that pyrolysis of alkyl carboxylates in which the alkyl group 
lacks an a-hydrogen atom leads in general to competition between alkyl-oxygen (A") and 
acyl-oxygen (B?) scission, unless these are precluded structurally. Other breakdown 
routes may also compete (e.g., decarboxylation such as that undergone by aa-dicyanobenzyl 
benzoate *). It is now shown that where the alkyl group contains an «-hydrogen atom the 
novel formation of an «-diketone may compete in the overall breakdown, benzil being 
obtained from esters (I—IV) and acetylbenzoyl from esters (V—VII). A study of the 
conditions promoting this reaction, and of the breakdown of three esters (VIII—X) which 
do not undergo it, provides a further step towards a fully generalised picture of the 
pyrolytic breakdown of esters. 


BzO*CH,Ph BzO-CHPh:CN BzO-CHPhBr BzO-CHPh:COPh 
(1) (It) (ITT) (IV) 
AcO*CHPh:CN AcO*CHPh:COPh BzO-CHMe-CN 

(V) (VI) (VII) 
BzO-CH,°CN BzO-CHPh, BzO-CPh, 
(VIII) (IX) (X) 


Like most methyl esters, methyl benzoate is highly thermostable.* Under the vapour- 
phase conditions now employed, it is unchanged at ca. 500°; but introduction of a phenyl 
group reduces the thermostability, and benzyl benzoate (I) was selected as a suitable start- 
ing point for this investigation. Introduction of further «-substituents (electrophilic, such 
as cyano, bromo, and benzoyl; nucleophilic, such as phenyl) provided a varied range of 
pyrolysands for study. 

Effect of Electrophilic Substituents in Ester (I1).—Benzyl benzoate (I), «-cyanobenzyl 
benzoate (Il), and «-bromobenzyl benzoate (III). The thermal breakdown of these three 
esters can be represented by the annexed common scheme (X = H, CN, or Br respect- 
ively), which is simplified at this stage by the omission of a number of secondary products. 

The second of these reactions (indicated by a broken arrow) is probably a primary 
thermal scission, proceeding by an ionic mechanism via a rearrangement product: 
alternatively, the simple equation may represent the overall summation of several 


Major 
po =PhrCHO + [Ph*CO-x] e eles ue ae 


BzO*CHPhX ———--—-B HX + PheCO*COPh 
(I—ITT) 





——— 4$8z,0 + $[O(CHPhX),] (D) 


* Part XIV, J., 1958, 4515. 
1 Bennett, Deans, Harris, Ritchie, and Shim, /., 1958, 4508. 

* Bennett, Jones, and Ritchie, J., 1956, 2628. 

8 Hurd, ‘ The Pyrolysis of Carbon Compounds,”’ Chemical Catalog Co., New York, 1929, p. 537. 
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secondary reactions in which benzaldehyde from the B? scission plays a part. These 
alternatives are discussed later. 

Hurd and Bennett ¢ found that static pyrolysis of benzyl benzoate (I) at ca. 300° led to 
competition between B? (preponderating) and D reactions. Although dibenzyl ether was 
not actually observed, disproportionation (D) was inferred from the formation of benzoic 
anhydride and toluene, since the latter is formed 5 from the ether, along with further 
benzaldehyde, by A,! scission (nomenclature as previously defined *). These results have 
now been confirmed; in addition, benzoic acid is a minor product. However, at higher 
temperatures (ca. 500°), a surprising minor route appears in the overall reaction, yielding 
hydrogen and benzil. Unexpectedly, no benzoic anhydride is observed in the high- 
temperature pyrolysate, though formed at ca. 300°; but a separate pyrolysis of ester (I) 
containing 1%, of added benzoic anhydride showed that the latter (when originally present 
in only such small amount) is destroyed under the conditions used. 

By-products include benzoic acid, benzene, benzophenone, and biphenyl. A separate 
pyrolysis of benzil (ca. 500°) indicated that the last two by-products are due to successive 
decarbonylations of the «-diketone: and partial decarboxylation of benzoic acid can 
account for the benzene. Formally, the acid itself might originate via the special type of 
alkyl-oxygen scission (hereafter designated by the symbol A°) undergone at high temper- 
atures by certain alkyl esters lacking a 6-hydrogen atom (e.g., methyl acetate,’ phenyl- 
acetate,® and carbonate). Here an alkene is formed (presumably by dimerisation of an 
alkylidene diradical: cf. pyrolysis of methylene dihalides ); but stilbene, the alkene 
corresponding to A° scission of benzyl benzoate, could not be identified in the pyrolysate. 
Hence, the benzoic acid (and at least part of the benzene) is more probably a breakdown 
product of benzoic anhydride itself, which yields these products, inter alia, on pyrolysis at 
ca. 550° in a flow system," and might be expected to behave similarly at ca. 300° in the 
static system, with its longer residence time. 

The complex pyrolysates from the «-cyano- and the «bromo-ester (II, III) at ca. 400— 
500° are again best interpreted by the foregoing competition between three routes. 
Secondary products in each pyrolysate include benzene, benzoic acid, and benzophenone 
(explicable as in the case of benzyl benzoate); carbon monoxide and PhX (the known 
breakdown products®!2 of Ph*COX); and trans-a«'-di-X-stilbene. This stilbene is 
believed to originate in the following A,’ breakdown of the labile ether [O(CHPhX),], 
with migration of X, thus: 


[O(CHPhX),] ——t Ph‘CHO +- [Ph°CHX,] . . - . . eee CARY) 


HX -+ }CPhXCPhX 


All the end-products corresponding to this scheme occur in the complex pyrolysates from 
esters (II) and (III). Further, benzylidene bromide itself is found in the latter pyrolysate, 
and a separate pyrolysis of this intermediate showed that it breaks down smoothly at 
ca. 425° as follows (cf. the reported analogous breakdown of benzylidene chloride over a 
red-hot wire 14) : 


Ph*CHBr, —— HBr + $CPhBr:CPhBr (trans) 





Hurd and Bennett, J]. Amer. Chem. Soc., 1929, §1, 1197. 
Lowe, Annalen, 1887, 241, 374. 

Iengar and Ritchie, J., 1957, 3563. 

Peytral, Bull. Soc. chim. France, 1920, 27, 34. 

Hurd and Blunck, J. Amer. Chem. Soc., 1938, 60, 2419. 
Ritchie, J., 1935, 1054. 

Bawn and Milsted, Tvans. Faraday Soc., 1939, 35, 889. 

Allan, Jones, and Ritchie, J., 1957, 524. 

Ladacki, Leigh, and Szwarc, Proc. Roy. Soc., 1952, A, 214, 273. 
Lib, Ber., 1903, 36, 3069; cf. Hurd, ref. 3, pp. 136—138. 
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All the known facts, therefore, support the generalised reaction scheme advanced for 
the pyrolysis of esters (I—III). In each competition the ketone-producing route is only a 
minor one, though more marked when there is an electrophilic «-substituent (particularly 
the cyano-group) than for benzyl benzoate itself. However, although it is presented in 
the foregoing scheme as a single-stage process, this is clearly an over-simplification: for 
there must, at some stage, be a structural change in which two oxygen atoms, originally 
attached to a single carbon atom, become redistributed between two adjacent carbons. 
One possible mechanism is discussed in the following section, as a first approach to the 
problem. 

O-Benzoylbenzoin (IV) and O-acetylbenzoin (VI). A static pyrolysis of «-cyanobenzyl 
benzoate (ca. 300°) confirmed the foregoing results, but gave in addition traces of an 
unexpected product, benzoylbenzoin (IV). Greene and Robinson have shown this 
a-keto-alkyl ester to be formed, along with hydrogen cyanide, on condensation of «-cyano- 
benzyl benzoate (II) with benzaldehyde in presence of sodium ethxoide. They suggested 
the initial formation of an aldol-like intermediate (XI), and that this breaks down to 
hydrogen cyanide and benzoylbenzoin (IV) via a cyclic transition state which may be 
represented as (XII): 


fe) te) ° 
H— | — COPh > COPh 
CHPh | CHPh 


NC fe) : | ° 
~~ C cm 
| 


| 
Ph Ph 


(XI) (X11) (IV) 


This concept suggests that the same sequence may be followed during pyrolysis of ester 
(II), part of the ester combining initially with benzaldehyde (one of its own primary B? 
scission products) under the influence of heat instead of a catalyst: and a separate pyrolysis 
of benzoylbenzoin (ca. 500°) has shown that it does, in fact, break down mainly by the 
following B* scission and might hence be the true precursor of benzil in the pyrolysis of 
ester (II): . 
BzO*CHPh*COPh —— PhvCHO + Ph;CO*COPh . . . «. « + «+ (8%) 
(IV) 

A little benzoic anhydride is also formed, presumably by the predictable D reaction. 

The concept of a cyclic transition state is difficult to apply in full as an explanation 
of the formation of hydrogen and benzil from benzyl benzoate itself. However, the initial 
aldol-like intermediate (XIII), if formed in this case, would be expected to break down 
thermally largely as a secondary alcohol, by dehydrogenation, again yielding benzoyl- 
benzoin (IV) as the possible precursor of benzil, thus: 


BzO-CHPh*CHPh‘OH ——t H, + BzO*CHPh:COPh 
(XIII) (IV) 


The aldehyde and «-diketone formed during pyrolysis of ester (IV) can be accounted 
for by acyl-oxygen scission (B?), either with orthodox migration of the «-hydrogen atom 
or with migration of the a-benzoyl group. The identity of their end-products renders these 
two routes indistinguishable for ester (IV); but the latter type of migration is supported 
by the fact that the analogous compound acetylbenzoin (VI) breaks down mainly as follows 
(ca. 480°), a little benzene and acetic acid also being formed: 


AcO-CHPh*COPh ——B Ph‘CHO + MerCO-COPh . . . . . « « (84) 
(VI) 


14 Greene and Robinson, J., 1922, 121, 2186. 
18 Hurd, ref. 3, p. 160. 
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a-Cyanobenzyl acetate (V) and 1-cyanoethyl benzoate (VII). These esters are isomeric, 
their phenyl and methyl groups simply being interchanged; but ester (VII), which unlike 
ester (V) possesses a 6-hydrogen atom, should break down mainly by A! scission, and 
the chief purpose in pyrolysing both esters was to determine whether the same a-diketone 
(acetylbenzoy]l) is a minor product in each case. 

The acetate (V) undergoes the same basic type of breakdown as the corresponding 
benzoate (II), namely, a competition between B? and D scissions, and the diketone-produc- 
ing reaction. The principal products are benzaldehyde, acetylbenzoyl, hydrogen cyanide, 
and acetic anhydride: secondary products include benzene, acetophenone, acetic acid, 
and the four known scission products ? of acetyl cyanide. 

A separate pyrolysis of acetylbenzoyl showed that the observed acetophenone can be 
accounted for by a secondary semidecarbonylation of the a-diketone; and the acetic acid 
is most probably formed by scission of acetic anhydride to keten and acid.4® Of the 
various end-products from route B?, only one (acetonitrile) is diagnostic of this route 
alone: all the others have a probable alternative origin. 

Like benzoylbenzoin (IV), the acetate (V) offers two formally possible acyl-oxygen 
scission routes. Migration of the «-cyano-group (with formation of acetyl cyanide and 
benzaldehyde) is supported by the formation of all the end-products corresponding to this 
route, rather than to its alternative (migration of the a-hydrogen). The benzonitrile 
formed (trace) is a predictable ® scission-product of the labile cyano-ether. 

In the corresponding pyrolysis of 1-cyanoethyl benzoate (VII), the expected A! scission 
preponderates strongly (ca. 85°%,). The overall products are best interpreted by the 
following scheme, no detectable disproportionation (D) occurring in this case: 


Major 
p——P Bz0H + CH,:GH-CN oe ea ee e PR 


BzO:CHMe:CN ——=---—-3 HCN + Ph*CO-COMe 
(VIT) 





L___y» [Ph:CO-CN] ++ Me*CHO Py ett ie 
CO + Ph°CN bs wee Fok Sp den a 


Formation of acetylbenzoyl from esters (V) and (VII) can, like formation of benzil from 
esters (I—III), be explained by invoking the Greene and Robinson concept; however, 
reasons are advanced later (p. 4146) in support of an alternative ionic mechanism. 

Cyanomethyl benzoate (VIII). Here the breakdown products seem to indicate that the 
principal primary reaction is a B? scission with migration of the cyano-group (yielding 
benzoyl cyanide and formaldehyde), in competition with a minor disproportionation (D) 


on the usual lines, thus: 
Major 


—_~* [PhCO*CN] + HCHO. . . . . . . (8) 
BzO-CH,°CN 

(VIII) 4Bz,0 + }O(CH,°CN),] . . . .. - ( 
The pyrolysate (ca. 500°: vapour phase) contains carbon monoxide and dioxide, hydrogen, 
hydrogen cyanide, benzonitrile, benzoic acid, benzene, benzaldehyde, and possible traces of 
acetonitrile: at lower temperatures (ca. 200°: liquid phase) the last three products are not 
observed, though formaldehyde appears (as paraformaldehyde). The D reaction is inferred 
from the formation of acetonitrile, most probably via secondary A,! scission of the labile 
cyano-ether, the accompanying product (the very unstable “‘ formyl cyanide ’’) breaking 
down to carbon monoxide and hydrogen cyanide; and, although the expected anhydride 


could not be detected, its two known major breakdown products (benzoic acid and 
benzene 1") are formed in fair quantity. 


#6 Szwarc and Murawski, Trans. Faraday Soc., 1951, 47, 269. 
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The diketone-producing reactions of esters (I—VII) suggest that ester (VIII) should 
by a similar mechanism yield the «-keto-aldehyde, phenylglyoxal: but no firm evidence 
for such a scission could be obtained, though the possibility is not excluded. If ester 
(VIII) forms an aldol-like intermediate by condensation with either (i) formaldehyde or 
(ii) benzaldehyde, again followed by the Greene and Robinson sequence, the predictable 
product would be either (i) BzO-CH,°CHO or (ii) BzO-CH,°COPh, respectively. The 
former should yield methyl benzoate by decarbonylation: the latter, either formaldehyde 
(observed) and benzil by B? scission with migration of benzoyl (cf. the analogous break- 
down of acetylbenzoin), or benzaldehyde (observed) and phenylglyoxal by B? scission with 
migration of hydrogen. Neither methyl benzoate nor benzil could be detected; nor was 
phenylglyoxal observed, though this is hardly surprising, for, even if initially formed, this 
very labile «-keto-aldehyde should undergo ready decarbonylation at ca. 500° (like its 
analogue methylglyoxal !”). The conclusion must be either that the diketone-producing 
reaction has no parallel in the pyrolysis of ester (VIII), or that phenylglyoxal is formed 
by B? scission of the intermediate BzO-CH,°COPh although its positive detection is 
precluded by the possibility of other reactions with identical end-products. 

Effect of Nucleophilic Substituents.—Diphenylmethyl benzoate (IX). Breakdown appears 
here to follow a single primary route (ca. 500°), with various secondary reactions, thus: 


BzO*CHPh, ——B $Bz30 + [JO(CHPhy)])- - - see es 


(IX) | 


COPh, + CHR, 2 1 te tw wt Ae 
(-|- some CHPh,*CHPh,) 


Bisdiphenylmethyl ether, though not detected, has been shown by Nef '#® to yield the 
above Ax! scission-products, together with the less readily explicable s-tetraphenylethane. 
Some benzoic acid is formed, again probably from the primary benzoic anhydride.“ There 
is no evidence for benzaldehyde, which rules out competition by B? scission. 
Triphenylmethyl benzoate (X). Here the effect of the nucleophilic «-phenyl groups 
reaches its cumulative maximum in weakening the alkyl-oxygen and acyl-oxygen bonds: 
and it is not surprising that ester (X) is completely decomposed under relatively mild 
conditions (ca. 225°: 24 hr.). Hurd,” in discussing esters (IX) and (X), predicted that 
the latter should break down by the disproportionation (D) shown below: but this, though 
observed, proves to be a minor reaction, the preponderating route being a decarboxylation 
(C?) to tetraphenylmethane, with triphenylmethane as an unexpected major by-product. 


Major 
CBr Cie) ice eo w dl vuinibivech 
sor, —[ 
(X) rere eS Se eee 
(+ CHPh, and tars) 
Bistriphenylmethyl ether, which decomposes at its melting point,” is not itself observed. 
Minor by-products include benzoic acid and benzene: presumably they arise from the 
primary benzoic anhydride, and here the alternative origin via A® scission is completely 
excluded structurally. The reaction temperature is much lower than that normally 
required !! for breakdown of benzoic anhydride: however, the formation of triphenyl- 
methane strongly suggests that free radicals are present in the reaction system, and it has 
previously been shown that certain free radicals (e.g., those derived from carbon tetra- 
chloride) assist in thermal breakdown of the anhydride." 
17 Golomb and Ritchie, unpublished observations, 1959. 
18 Nef, Annalen, 1897, 298, 374, where is also described the corresponding pyrolysis of 
diphenylmethyl acetate; cf. Bacon, Amer. Chem. J., 1905, 38, 90; Anschiitz, Annalen, 1897, 298, 374. 


19 Hurd, ref. 3, p. 539. 
20 Gomberg, J. Amer. Chem. Soc., 1913, 35, 205. 
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The origin of the triphenylmethane is uncertain. This substance is formed in various 
analogous pyrolyses (e.g., from triphenylmethy] acetate and ketone *): and for the present 
it is sufficient to note this tendency of various compounds containing the triphenylmethyl 
group to yield triphenylmethane at relatively low temperatures, probably by some kind of 
free-radical mechanism. 

General Conclusions.—The foregoing results may be summarised as follows. 

(i) Electrophilic «-substituents decrease the thermostability of benzyl benzoate. The 
amount of BzO-CHPhX destroyed under standard conditions increases as the electro- 
negativity of X follows the sequence: H < COPh < CN < Br. B?* scission predominates 
over the minor ketonic and D reactions: where a-hydrogen and an electrophilic «- 
substituent are both present, only the latter migrates during the B? reaction. The B? and 
D reactions can occur at relatively low temperatures (ca. 250-—300°): but a temperature of 
ca. 400—500° is required for onset of diketone formation, which is most noticeable where 
X = CN, but does not occur at all if there is no «-hydrogen atom. 

(ii) Nucleophilic «-substituents (e.g., phenyl) decrease the stability of methyl benzoate, 
though less markedly than electrophilic. The amount of pyrolysand destroyed under 
standard conditions follows the sequence: Me < CH,Ph < CHPh, << CPh,. Introduction 
of «-phenyl groups into benzyl benzoate suppresses the B? and diketone-forming reac- 
tions: but decarboxylation (C*) appears and predominates in the competition on complete 
a-phenylation (i.e., for triphenylmethyl benzoate). 

Possible Reaction Mechanisms.—Hurd and Blunck 8 have suggested both molecular and 
free-radical mechanisms to explain specific examples of ester pyrolysis. It was for long 
quite widely accepted that A! scission of an alkyl ester involves an intermediate six- 
membered cyclic transition stage,5** and that it occurs by a molecular mechanism. 
Lately, however, the idea of a polar or heterolytic mechanism in vapour-phase eliminations 
has been gaining ground; and Maccoll ** has shown that the mechanism is heterolytic and 
unimolecular for s- and t-alkyl esters, but free-radical and chain for n-alkyl esters. 

Ionic mechanisms have been invoked to explain reactions of the Cannizzaro and 
Tischchenko types: and, to take ester (III) as an example, its formation *> from benz- 
aldehyde and benzoyl bromide may be explained thus: 


PhCOBr —— Ph:CO ++ Br 
Ph*CHO <a Ph*CH-O 
Ph*CH-O ++ Br ——B> Br*CHPh:O 
BreCHPh:O -}- PhtCO ——t> Ph*CO-O-CHPhBr (III) 


Ester (I11) tends to revert to its original constituents, even at room temperature; and 
it may well be that the above type of ionic sequence is responsible not only for this liquid- 
phase retro-Tishchenko reaction but also for the vapour-phase B? scission of esters (II, 
III) and analogous compounds. (It is known that acetyl chloride dissociates ionically in 
nitromethane solution ; ** and it is now found that benzoyl bromide, chloride, and cyanide 
dissociate similarly in benzonitrile solution.) The known weakness of the C-Br bond 
might lead to preferential dissociation of ester (III) to a bromide anion and the cation 


Ph:CO-O-CHPh; but it is difficult to see how the latter could thereafter lead to the 
observed products. Also, the acyl-oxygen bond energy will be lowered by the presence of 


*1 Norris and Young, J. Amer. Chem. Soc., 1924, 46, 2581; Declaré, Bull. Soc. chim., 1909, 5, 1144. 

#2 DePuy, King, and Froemsdorf, Tetrahedron, 1959, 7, 123. 

23 Maccoll, J., 1958, 3398. For a general survey, see Ingold, Pedler Lecture, Proc. Chem. Soc., 
1957, 279. 

*4 For summary, see Dewar, ‘‘ Electronic Theories of Organic Chemistry,” Bell, London, 1953, p. 
707. 

28 Adams and Vollweiler, J. Amer. Chem. Soc., 1918, 40, 1732. 

26 Burton and Praill, J., 1950, 1203, 2034. 
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the bromo-group, and also to a lesser extent by the «-phenyl group, though the latter is 
only weakly electron-attracting: hence, scission of the acyl-oxygen bond Seems the 
preferred mode of heterolysis. 

Homolysis of this bond is also a formal possibility, the initiation and propagation steps 
being visualised thus: 


Initiation: Ph*CO*O*CHPhBr + R* —— Ph*CO*O*CHPh: -+- RBr 
Propagation: Ph*CO*O*CHPh: ——3 Ph*CO: + Ph*>CHO 
Ph*CO*O*CHPhBr -+- Ph*CO: —— > Ph*COBr + Ph*CO*O*CHPh: 


However, the variety of possible termination steps suggests a wider range of end-products 
than has so far been observed, an additional argument for the preferred heterolytic 
mechanism. 

With regard to the diketone-producing reaction, there is again reason for suggesting an 
ionic mechanism. The Greene and Robinson “ concept can be invoked to explain form- 
ation of an «-diketone from esters (I), (II), (III), (V), and (VII); but there is no clear 
evidence that the same mechanism operates for cyanomethyl benzoate (VIII), nor can it 
explain the minor formation of biacetyl on pyrolysis of certain aryl «-acetoxypropionates 
(XIV) (see p. 4148). A moregenerally applicable ionic mechanism is therefore proposed: 
with ester (III) as an example once more, this involves rearrangement of the «-bromo- 
benzyloxy-anion to a hydrin. anion: 


Ph*CO-O-CHPhBr ——t> Ph*CO + O-CHPhBr 
O-CHPhBr ——t HO-CPhBr 
PhCO + HO-CPhBr ——p> [Ph*CO*CPh(OH)Br] 


HBr + Ph*CO*COPh 


This rearrangement can occur only if there is an electrophilic «-substituent. Hence, esters 
such as (II) and (III) should yield an «-diketone readily, and esters such as (IX) and (XI) 
not at all; benzyl benzoate will occupy an intermediate position. The greater observed 
yield of benzil from ester (II) than from ester (III) agrees with the fact that a cyanohydrin 
is more stable than a bromohydrin. 

No mechanism is yet advanced for the disproportionation (D); but the decarboxylation 
(C?) undergone by ester (X) is probably free-radical in character (though apparently not a 
chain reaction 2’). This ester, and the various other esters now known 282° to undergo C? 
scission, all have at least one unsaturated grouping (aryl or alkenyl) directly attached to 
the -CO-O- grouping, which favours resonance stabilisation. 

Aryl «-Acetoxypropionates (XIV).—Filachione, Lengel, and Ratchford ® found that 
various aryl «~-acetoxypropionates (XIV) broke down mainly by the predictable A! scission, 
but also yielded a number of minor unexplained by-products. Some of these have 
recently been shown * to occur via secondary breakdown of the aryl acrylate formed by 
A! scission; and biacetyl, which was reported ® in small amount when Ar = m-tolyl or 


27 See Steedman, Ph.D. Thesis, Glasgow University, 1959, p. 85, for decarboxylation mechanism of 
vinyl benzoate. 

28 Allan, Forman, and Ritchie, J., 1955, 2717. 

2° Mackinnon and Ritchie, J., 1957, 2564; for earlier results, see Anschiitz, Ber., 1885, 18, 1945; 
Anschiitz and Wirtz, Ber., 1885, 18, 1947; Bischoff and von Hedenstrém, Ber., 1902, 35, 4084; Anschiitz, 
Ber., 1927, 60, 1320. 

30 Filachione, Lengel, and Ratchford, J. Amer. Chem. Soc., 1950, 72, 839; cf. Filachione, Lengel, 
and Fisher, ibid., 1944, 66, 494. 
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p-chlorophenyl, can now be explained by assuming that ester (XIV) breaks down by 
competition between at least the following two routes: 


Major 
AcOH + CH,ICHCO,Ar «wwe CAP 
AcO*CHMe'CO,Ar | ~ 
(XIV) CO + ArOH -}+ Me-CO*COMe 
The second of these routes is here expressed without details of any intermediate stages: 
but on the basis of the foregoing ionic mechnism, ester (XIV) would first rearrange to the 
complex intermediate Me*CO-CMe(OH)-CO,Ar. This substance is unknown: but it 
might be expected to yield biacetyl by either (i) intermolecular elimination of a phenol, 
with cyclisation to a lactide (which should then break down on predictable lines * to carbon 
monoxide and biacetyl), or (ii) intramolecular elimination of an aryl formate (which would 
then break down ® to carbon monoxide and a phenol, both noted in certain cases *), with 
formation of biacetyl. The ionic concept can thus be applied to explain the results of 


Filachione et al.,5° whereas the Greene and Robinson concept“ offers no simple 
explanation. 


EXPERIMENTAL 


Apparatus and Procedure.—The flow-reactor, receiver, traps, and general mode of operation 
have been described previously.** Five different Pyrex-glass reaction vessels were used, each 
packed with Pyrex-glass tubing; they are denoted in the Tables by the symbols P/20, P/30, 
P/50, P/80, and P/200, the number indicating the free unpacked space (ml.). Appropriate 
choice of reaction vessel assisted in varying the residence (contact) time, which was calculated 
as previously.!! The above flow-reactor system was used for most pyrolyses. In addition, the 
semimicro-reaction vessel described by Bain and Ritchie 3? was used for run 24; while for 
runs 2, 5, 9, 16, and 22 the pyrolysand was refluxed in a static reaction vessel consisting of a 
3-necked Quickfit flask, fitted with thermocouple-pocket, nitrogen-inlet, and lead-off for the 
exit gases, by way of the condenser, to the traps and receiver, the whole being thoroughly flushed 
with nitrogen before each run. 

Analytical Methods.—The non-gaseous pyrolysates (a) were examined after fractional 
distillation. Acid anhydrides were detected by the Davidson—Newman * colour test; benzo- 
nitrile was characterised by conversion * into benzamide by means of alkaline hydrogen 
peroxide; unless otherwise stated, aromatic hydrocarbons were characterised by conversion 
into an appropriate solid nitro-derivative. All solid derivatives and pyrolysate components 
were identified by mixed m. p. Carbonyl compounds were characterised by conversion into 
2,4-dinitrophenylhydrazones, mixtures of these being separated by column chromatography on 
bentonite—kieselguhr ** and identified by paper chromatography.** Hydrogen cyanide was 
removed from the exit gases by an alkali trap, and hydrogen bromide by a water trap, both 
acids then being determined volumetrically; keten was removed by an aniline-ether trap, and 
characterised by conversion into acetanilide. In some difficult cases, standard chemical tests 
were supplemented by infrared spectrometry. 

Results.—Tables 1—3 summarise the general experimental conditions and results for 23 of 
the 25 pyrolyses reported. Apparent overall losses in weight are due to carbonisation and/or 
hold-up in the packed reaction vessel. The preparation of pyrolysands, and the detailed 
analytical results for each run, are summarised below. 

Methyl Benzoate.—Pure ester, from British Drug Houses Ltd., was used. 

Pyrolysis 1. No breakdown whatever was detected. The refractive index remained 
unchanged after passage of the ester through the flow-reactor at ca. 500°, and no gases were 
liberated. 

Benzyl Benzoate (1).—Pure ester, from British Drug Houses Ltd., was used. 


31 Blaise, Compt. rend., 1904, 188, 697; Hurd, ref. 3, p. 426. 

32 Bain and Ritchie, J., 1955, 4411. 

33 Davidson and Newman, J]. Amer. Chem. Soc., 1952, 74, 1515. 
% Radziszewski, Ber., 1885, 18, 355. 

%5 Elvidge and Whalley, Chem. and Ind., 1955, 589. 

% Burton, Chem. and Ind., 1954, 576. 
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Pyrolysis 2. The ester was heated in the static reaction vessel (ca. 300°; 29 hr.); the 
liquid pyrolysate (a) yielded: 1-75 g., b. p. 104—112° (toluene); 0-75 g., b. p. 118—120° (toluene 
and benzaldehyde); 1-8 g., b. p. 76—80°/20 mm. (benzaldehyde) ; 4-75 g., b. p. 160—184°/20 mm. 


TABLE 1. Pyrolysis of methyl benzoate, benzyl benzoate (1), and «-cyanobenzyl 
benzoate (II). 


Pyrolysand BzOMe (I) (II) 
o ete ay ” ? — | 

Run no. 1 2 3 4 5 6 7 
CON WOME nsec eeriesctiiness P/200 . P/200 P/200 t P/200 P/50 
BS <ceciniocnnswndnsivtescueciaievtnn’ 500° 300° 500° 550° 300° 420° 500° 
Feed-rate (g./min.)  .............+- 0-30 4 0-40 0-30 t 0-60 0-27 

Residence time (sec.) ............ 86 2 95 125 t 92 42 
Wt. pyrolysed (g.) ............... 30-0 50-0 50-0 50-0 50-0 125-0 110-0 
(a) Non-gaseous pyrolysate (g.) 30-0 49-0 48-0 40-0 42-0 95-0 91-5 
(b) Gaseous pyrolysate (l.) ...... Nil 1-25 1-25 8-0 2:5 2-0 8-0 

a.” spammane (%) of (6) (approx.): 

Snienebeheesecomsieyeebnenbedse — 77 61 63 80 Pres. Pres. 
CO, Sbecnbicnesctsunpnbieipieeatunee — 23 18 24 20 ¢ Pres. Pres. 
DUN, xechacuiteensavtminasenatcaeearen _ Nil 21 13 Nil” Nil Nil 


* Static pyrolysis: 29 hr. f{ Static pyrolysis: 5}hr. }{ Part of the CO, removed by alkali trap 
during determination of hydrogen cyanide. 


TABLE 2. Pyrolysis of «-bromobenzyl benzoate (111), benzoylbenzoin (IV), acetylbenzoin (V1), 
on- -cyanobenzyl acetate (V), 1-cyanoethyl benzoate (VII), and cyanomethyl benzoate (VIII). 


Pyrolysand (1) (IV) (VI) (V) (VII) (VIII) 
am ’ ae ' 
Run no. 9 a 11 12 13 14 15 16 17 
Reaction veel. ....00sessse0s<ee. ° P/200 P/200 P/20 P/200 P/200 P/30 ° P/80 
: RR ee eres 225° 425° 500° 480° 550° 500 550° = 205° 500° 
Feed-rate (g./min.) ............ * 0-42 0-40 0-29 0-48 0-30 0-64 s 0-29 
Residence time (sec.) ......... ° 156 149 17 103 110 75 * 41 
Wt. pyrolysed (g.) ............06+ 40-0 400 300 200 463 43:0 380 375 43-0 
(a) Non-gaseous pyrolysate (g.) 39°5 31-0 23-5 19-5 38-0 — 28-5 36-9 40°5 
(6) Gaseous pyrolysate (l.) ... 1-0 325 3-0 125 625 6-0 0-8 175 2-0 
Composition (%) of (b) sininiiad™ 
GA sesssdienacisdeceussioncsannat 100 86 94 77 _— Pres.t| — 80 
RIN, Secndcvecdcaseerscsenineutedes . Nil 14 6 23 — Pres.| — 2 
UA“ avndecncdeasondaneiidaindinesd Nil Nil Nil Nil Nil — — — 18 
U nsatd. hydrocarbons ...... Nil Nil Nil Nil Nil ~- Pres.t — _— 
Satd. hydrocarbons ......... Nil Nil Nil Nil Nil os -- -— - 
* Static pyrolysis (Run 9, 3hr.: Run 16, 36 hr.). Detected by infrared spectrometry. — Not 


observed. 


TABLE 3. Pyrolysis of diphenylmethyl benzoate (IX), triphenylmethyl benzoate (X), 
benzil, acetylbenzoyl, and benzylidene bromide. 


Pyrolysand (IX) (X) Bz, AcBz Ph-CHBr, 
| —— TE a ie ay 
Run no. 18 19 21 22 23 24 25 
Reaction vessel .............00006 P/200 P/20 P/50 . P/200 t P/200 
BBs, ctenscrvicpoovanstenvervinovag 500° 425° 500° 225° 500° 500° 425° 
Feed-rate (g./min.) ............+.- 0-30 0-30 0-60 * 0-30 t 0-33 
Residence time (sec.) .........2.. 183 21 29 ° 133 t 161 
Wt. pyrolysed (g.) ...........+06+ 25-0 30-0 20-0 20-0 110-0 0-30 20-0 
(a) Non-gaseous pyrolysate (g.) 21:5 27-0 15-3 19-8 85-0 — 10-5 
(b) Gaseous pyrolysate (1.) ...... 0-8 0-4 0-5 0-1 9-75 0-04 0-7 ¢ 
Composition (%) of (b) (approx.): 
2 | ER eas 51 77 8 ~- 97 74 Nil 
RI. SemdcbininanieSdaiiammeslniaiustien “49 23 92 —- 3 26 § Nil 
* Static pyrolysis: 24 hr. + Pyrolysed in semimicro-reaction vessel: 10 min. { (6) consisted of 
hydrogen bromide, with about 11% of displaced nitrogen. -——- Not observed. § During this run 


there was a slight leakage of air into the system which probably accounts for the unexpectedly high 
CO, content. 
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(benzoic acid and a little benzaldehyde); 30-0 g., b. p. 184—194°/20 mm. [unchanged (I) con- 
taining benzoic anhydride]; and 3-6 g. of high-boiling tars. 

Pyrolysis 3. There was little breakdown in the flow-reactor at ca. 500°; the liquid 
pyrolysate (a) yielded: 2-3 g., b. p. 74—105° (benzene and toluene; infrared); 1-3 g., b. p. 830— 
110°/16 mm. (benzaidehyde and a trace of benzoic acid); 41-8 g., b. p. 170—204°/16 mm. (un- 
changed pyrolysand); and 2-6 g. of high-boiling tars. 

Pyrolysis 4. Breakdown was greater at ca. 550°; the liquid pyrolysate (a) yielded: 6-0 g., 
b. p. 80—86° (benzene); 1-3 g., b. p. 86—96° (benzene and toluene); 1-5 g., b. p. 98—108° 
(benzene and toluene); 5-0 g., b. p. 108—120° (toluene and benzaldehyde); 2-0 g., b. p..85— 
120°/22 mm. (benzaldehyde); 5-3 g., b. p. 140—170°/22 mm. (biphenyl and a trace of benzoic 
acid); 9-5 g., b. p. 170—200°/22 mm. [unchanged (I), benzil, and benzophenone]; and 4-0 g., 
b. p. 200—258°/22 mm. [unchanged (I) and a trace of unidentified solid, m. p. 209°]. 
(Note.—Pyrolyses 3 and 4 showed no evidence for formation of benzoic anhydride; but the 
pyrolysate from a control run at ca. 550°, using ester (I) containing 1% of added benzoic 
anhydride, gave a similar negative result.) 

a-Cyanobenzyl Benzoate (11).—Preparation. Francis and Davis’s method *? gave the ester 
(68%), m. p. 58° (from ethanol) (lit.,37 m. p. 60°). 

Pyrolysis 5. The ester was heated in the static reaction vessel (ca. 300°: 5} hr.). The 
pyrolysate (a) yielded: 6-5 g., b. p. 42—44°/2 mm. (benzaldehyde and benzonitrile); 4-5 g., 
b. p. 120—160°/2 mm. (benzaldehyde, benzonitrile, and benzoic acid); 2-3 g., b. p. 164— 
200°/2 mm. (benzoic acid, benzil, and unchanged pyrolysand); 3-5 g., b. p. 200—250°/2 mm. 
(benzil and a trace of unchanged pyrolysand); 1-8 g., b. p. 165—200°/1 mm. (benzil and a trace 
of pyrolysand); 6-0 g., b. p. 200—236°/1 mm. (high-boiling tars, containing solid); and 10-8 g. 
of high-boiling tars. The solid from the penultimate fraction, recrystallised from ethanol, 
yielded benzoylbenzoin, m. p. and mixed m. p. 124-5° (Found: C, 80-4; H, 5-4. Calc. for 
Cy,H,,0,: C, 79°8; H, 51%). Hydrogen cyanide (9-6% of theory) was removed from the 
exit gases by an alkali-trap. 

Pyrolysis 6. The pyrolysate (a) yielded: 0-9 g., b. p. 22—50° (hydrogen cyanide); 12-0 g., 
b. p. 55—85°/5 mm., 3-0 g., b. p. 85—122°/5 mm., and 12-0 g., b. p. 122—155°/5 mm. (all con- 
taining benzaldehyde, benzonitrile, and benzoic acid); 11-5 g., b. p. 160—180°/5 mm. (benzil 
and unchanged pyrolysand); 10-0 g., b. p. 160—184°/2-5 mm. (unchanged pyrolysand and a 
trace of benzil); and 11-5 g., b. p. 184—205°/2-5 mm. (unchanged pyrolysand containing solid). 
The solid from the last fraction, recrystallised from methanol, yielded trans-a«’-dicyanostilbene, 
m. p. 160° (lit.,38 m. p. 160°) (Found: C, 83-6; H, 4-2; N, 12-2. Calc. for C,,H,)N,: C, 83-5; 
H, 4:4; N, 122%). The total hydrogen cyanide formed (first fraction, above, plus material 
retained by alkali trap) was 11-3% of theory. 

Pyrolysis 7. The pyrolysate (a) yielded: 10-0 g., b. p. 80—81° (benzene); 12-7 g., b. p. 
66—100°/2-5 mm. (benzaldehyde and benzonitrile); 6-8 g., b. p. 100—158°/2-5 mm. (benz- 
aldehyde, benzonitrile, benzoic acid, and a trace of unchanged pyrolysand); 16-0 g., b. p. 162— 
195°/5 mm. (mainly tars, with benzoic acid and a trace of unchanged pyrolysand); 9-3 g., b. p. 
195—250°/5 mm. (high-boiling tars); and 15-0 g. of residual tars. 

Pyrolysis 8. A small amount of ester (II) was heated at ca. 160° for 24 hr. There was 
little decomposition and charring; the pyrolysate contained benzoic anhydride. 

a-Bromobenzyl Benzoate (I11).—Preparation. Condensation of benzaldehyde with benzoyl 
bromide by Adams and Vollweiler’s method * gave a practically theoretical yield of ester (III), 
m. p. 68—69° (from light petroleum) (lit.,25 m. p. 69—70°). The ester is unstable in air, revert- 
ing readily to benzaldehyde and benzoyl bromide. It was stored in light petroleum, in a well- 
stoppered flask; immediately before use, it was dried im vacuo and transferred as quickly as 
possible to the oxygen-free conditions of the nitrogen-filled reaction vessel. 

Pyrolysis 9. The ester was heated in the static reaction vessel (ca. 225°: 3 hr.). The 
pyrolysate (a) yielded: 18-3 g., b. p. 89—109°/10 mm. (benzaldehyde, benzoyl bromide, and 
traces of bromobenzene, benzyl bromide, benzylidene bromide, and benzoic acid; infrared) ; 
3-5 g., b. p. 109—120°/10 mm. (benzoyl bromide, benzylidene bromide, benzoic acid, and a 
trace of benzoic anhydride; infrared); 10-3 g., b. p. 194—198°/10 mm. (benzoyl bromide, 
benzylidene bromide, and b2nzoic anhydride; infrared); and 4-8 g. of high-boiling tars. There 





%? Francis and Davis, J., 1909, 95, 1403. 
38 von Braun, Ber., 1903, 36, 2652. For proof of ¢vans-configuration of this isomer, see Coe, Gale, 
Garnish, and Timmons, Chem. and Ind., 1957, 665. 





@ - 


wo 


~~ — ti « 





[1960} Studies in Pyrolysis. Part XV. 4151 


was a little solid in the penultimate fraction, which on recrystallisation from glacial acetic acid 
yielded tvans-ax’-dibromostilbene, m. p. 205° (lit.,3® m. p. 206°); the mother-liquors contained 
no benzaldehyde (infrared), but the presence of benzylidene bromide was confirmed by its 
hydrolysis to benzaldehyde. Hydrogen bromide (2-3%) was removed from the exit gases by 
an alkali trap. 

Pyrolysis 10. The pyrolysate (a) yielded: 7-5 g., b. p. 76—86° (benzene); 10-3 g., b. p. 
54—100°/12 mm. (benzoyl bromide and bromobenzene; infrared); 1-0 g., b. p. 124—144°/7 mm. 
(benzoic acid and a trace of benzoyl bromide); and 5-3 g., b. p. 185—200°/7 mm. This last 
fraction contained trans-a«’-dibromostilbene (mixed m. p.); benzil and benzophenone (infra- 
red; paper chromatography); and benzoic anhydride. Hydrogen bromide (7-6%) was removed 
from the exit gases by an alkali trap. 

Benzoylbenzoin (1V).—Preparation. Zinin’s method * yielded the ester (67%), m. p. 124° 
(from ethanol—water) (lit.,4° m. p. 124—125°). 

Pyrolysis 11. The pyrolysate (a) yielded: 3-0 g., b. p. 78—84° (benzene); 3-5 g., b. p. 130— 
150°/15 mm. (benzaldehyde, benzoic acid, and biphenyl); 1-5 g., b. p. 150—180°/15 mm. 
(benzaldehyde, benzoic acid, and a trace of benzil); 5-0 g., b. p. 180—210°/15 mm. (benzil and a 
trace of benzoic acid); and 2-8 g., b. p. 210—250°/15 mm. (benzil and tars). There was a tarry 
residue, which yielded: 2-0 g., b. p. 220—250°/1-5 mm. (unchanged pyrolysand and tars); 
1-0 g., b. p. 250—280°/1-5 mm. (mainly tar, with a trace of unchanged pyrolysand); and 2-5 g. 
of carbonised residue. 

Acetylbenzoin (V1).—Preparation. Corson and Saliani’s method *! yielded the ester (70%), 
m. p. 85° (from ethanol—water) (lit.,44 m. p. 83°). 

Pyrolysis 12. The pyrolysate (a) yielded: 1-0 g., b. p. 90—120° (acetic acid; infrared) ; 
0-3 g., b. p. 80—100°/2 mm.. (benzoic acid and acetylbenzoyl; infrared); 1-5 g., b. p. 115— 
150°/2 mm. (benzaldehyde, acetylbenzoyl, and unchanged pyrolysand); 7-3 g., b. p. 160— 
180°/2 mm. (unchanged pyrolysand); 5-0 g., b. p. 180—198°/2 mm. (tars; not examined); and 
2-5 g. of carbonised residue. 

a-Cyanobenzyl Acetate (V).—Preparation. Michael and Jeanprétre’s method * yielded the 
ester (76%), b. p. 152°/25 mm. (lit.,4 b. p. 152°/25 mm.). 

Pyrolysis 13. The pyrolysate (a) yielded: 3-3 g., b. p. 76—86° (acetonitrile and a trace of 
benzene; infrared); 2-0 g., b. p. 88—110° (acetonitrile and acetic acid); 1-0 g., b. p. 110—124° 
(acetic acid and acetic anhydride); 3-5 g., b. p. 180—200° (benzaldehyde); 5-0 g., b. p. 70— 
100°/3 mm., and 6-7 g., b. p. 100—130°/3 mm. (both fractions contained benzaldehyde, acetyl- 
benzoyl, acetophenone, and benzonitrile; infrared and paper chromatography); 4-0 g., b. p. 
130—160°/3 mm. (unchanged pyrolysand); and 12-6 g. of high-boiling tars. Hydrogen cyanide 
(10-4%) was removed from the exit gases by an alkali trap. 

Pyrolysis 14. The presence of keten in the exit gases was proved by the isolation of acet- 
anilide from the aniline—-ether trap. 

1-Cyanoethyl Benzoate (V11).—Preparation. Davis’s method * yielded the ester (65%), 
b. p. 269—270° (lit.,4% b. p. 269—270°). 

Pyrolysis 15. The pyrolysate (a) yielded: 8-3 g., b. p. 64—74° (acrylonitrile and benzene; 
infrared); 1-0 g., b. p. 40—44°/4 mm. (benzonitrile); 0-3 g., b. p. 60—70°/4 mm. (benzonitrile 
and benzoic acid); 4-0 g., b. p. 88—140°/4 mm. (benzoic acid); and 5-3 g., b. p. 140—180°/4 mm. 
{benzoic acid, acetylbenzoyl, and acetophenone). Hydrogen cyanide (0-3%) was removed 
from the exit gases by an alkali trap: the unabsorbed gases contained carbon monoxide, carbon 
dioxide, and acetylene (infrared) (cf. previously recorded pyrolysis of acrylonitrile 3). 

Cyanomethyl Benzoate (VII1).—Preparation. A modification of Aloy and Rabaut’s 
method “4 was used, the equimolar aqueous solution of potassium cyanide and formaldehyde 
being kept at ca. 0° during the slow addition of benzoyl chloride (1 mole), with stirring. The 
resulting ester (89%) had b. p. 163—166°/25 mm., m. p. 25—26° (lit.,“4 b. p. 165°/25 mm., m. p. 
26—27°). 

Pyrolysis 16. The ester was heated in the static reaction vessel (ca. 205°: 36 hr.): the 


3° Staudinger, Ber., 1916, 49; 1972. 

40 Zinin, Annalen, 1857, 104, 116. 

41 Corson and Saliani, Org. Synth., 1932, 12, 1. 

42 Michael and Jeanprétre, Ber., 1892, 25, 1681. 

43 Davis, J., 1910, 97, 950. 

44 Aloy and Rabaut, Bull. Soc. chim. France, 1913, 18, 457. 
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pyrolysate (a) yielded: 3-5 g., b. p. 90—150°/23 mm. (contained benzonitrile, but no benz- 
aldehyde); 14-8 g., b. p. 150—188°/23 mm. (benzonitrile, unchanged pyrolysand, and a trace of 
suspended benzoic acid); 5-3 g., b. p. >188°/23 mm. (benzoic acid and unidentified tars) ; 
and 13-3 g. of residual tars. (Overall loss, 0-6 g.) Methyl benzoate and benzoic anhydride 
could not be identified in (a). The gaseous pyrolysate (b) contained a trace of hydrogen cyanide; 
some paraformaldehyde was deposited in the condenser. 

Pyrolysis 17. For this run, the cold trap was replaced by an alkali trap (which absorbed 
0-1 g. of hydrogen cyanide: 1-4%) followed by a 2,4-dinitrophenylhydrazine trap (which 
yielded no aldehydic or ketonic derivative). The pyrolysate (a) yielded: 1-0 g., b. p. 58— 
93°/760 mm. [contained hydrogen cyanide (0-05 g.; 0-7%) and benzene: also probable trace of 
acetonitrile, though the infrared spectrum of the fraction was not quite conclusive]; 4-5 g., b. p. 
120—152°/20 mm. (benzonitrile and benzaldehyde); 14-5 g., b. p. 152—168°/20 mm. (un- 
change pyrolysand, with a little benzonitrile and benzaldehyde); 15-4 g., b. p. 168— 
196°/20 mm. (mostly unchanged pyrolysand, with some suspended benzoic acid); 2-6 g., b. p. 
196—214°/20 mm. (benzoic acid and unidentified tars); and 0-5 g. ofresidual tars. (Overall loss, 
4:0 g.). Methyl benzoate and benzoic anhydride could not be identified in (a). 

Diphenylmethyl Benzoate (1X).—Preparation. Linnemann’s method ® yielded the ester 
(46%), m. p. 86° (from ethanol) (lit.,4 m. p. 88°). 

Pyrolysis 18. The pyrolysate (a) yielded: (i) 0-7 g., b. p. 78—81° (benzene); (ii) 8-0 g., b. p. 
106—130°/2 mm. (benzoic acid, benzophenone, and diphenylmethane); (iii) 2-0 g., b. p. 130— 
148°/2 mm. (benzophenone and diphenylmethane); (iv) 6-0 g., b. p. 194—215°/2 mm.; and 
(v) 4:3 g. of residual tars. Fraction (iv) contained a solid, which on extraction with ether 
yielded (iva) a soluble fraction and (ivb) an insoluble residue. Residue (ivb), recrystallised 
from glacial acetic acid, yielded s-tetraphenylethane as needles, m. p. 210° (lit.,46 m. p. 211°) 
(Found: C, 93-3; H, 6-9. Calc. for C,,H,,: C, 93-4; H, 66%): the mother-liquors, con- 
centrated, deposited a solid, which on recrystallisation from methanol yielded fine white crystals, 
m. p. 90—91°. This product was not identified; but a mixed m. p. showed that it was not 
simply unchanged pyrolysand, despite a similar analysis (Found: C, 83-4; H, 6-0. Calc. for 
Cy9H,,0,: C, 83-3; H, 5-6%). The soluble fraction (iva) consisted of tar and a little solid: the 
latter (unidentified) gave crystals, m. p. 89—90°, from methanol; again, a mixed m. p. showed 
that this was not simply unchanged (IX). 

Pyrolysis 19. The pyrolysate (a) yielded: 5-0 g., b. p. 88—120°/2 mm., and 2-0 g., b. p. 
120—164°/2 mm. (both fractions contained benzoic acid, benzophenone, and diphenylmethane) ; 
12-2 g., b. p. 164—202°/2 mm. (benzoic acid, benzophenone, diphenylmethane, s-tetraphenyl- 
ethane, and the same unidentified solid as in the previous run, m. p. 89—90°); and 3-3 g. of 
residual tars. 

Pyrolysis 20. Formation of benzoic anhydride was not detectable in the two previous runs; 
but a further sample of ester (IX), heated at ca. 200° for 2 hr., showed the colour reaction of the 
anhydride. 

Triphenylmethyl Benzoate (X).—Preparation. Hammond and Rudeshill’s method 47 yielded 
the ester (41%), m. p. 168° (from ethyl acetate) (lit.,47 m. p. 169°) (Found: C, 85-8; H, 5:8. 
Calc. for C,,H,.0,: C, 85-7; H, 55%). 

Pyrolysis 21. The pyrolysate (a) yielded: (i) a trace of benzene; (ii) 2-0 g., b. p. 145— 
162°/1-5 mm. (benzoic acid and triphenylmethane) ; (iii) 5-0 g., b. p. 162—192°/1-5 mm. (benzoic 
acid, triphenylmethane, and tetraphenylmethane); (iv) 2-5 g., b. p. 260—280°/1-5 mm. (mainly 
tar, with traces of benzoic acid and triphenylmethane); and (v) 2-0 g. of residual tars. Benzoic 
anhydride was detected in fractions (ii) and (iii). The hydrocarbons in fraction (iii) were 
separated by ether into a more soluble fraction (iiia) and an undissolved residue (iiib). Fraction 
(iiia), freed from benzoic acid by aqueous sodium carbonate, yielded triphenylmethane as plates 
(from methanol), m. p. 91° (lit.,“4 m. p. 91°) (Found: C, 93-5; H, 6-8. Calc. for C,,H,,: C, 
93-4; H, 6-6%). The residue (iiib), recrystallised from benzene, yielded tetraphenylmethane, 
m. p. 282° (lit.,4° m. p. 282°) (Found: C, 93-4; H, 6-6. Calc. for C,;H,,: C, 93-8; H, 62%). 
No carbonyl compounds could be detected in the pyrolysate. 

46 Linnemann, Annalen, 1865, 188, 20. 

— “ Dictionary of Organic Compounds,” Eyre & Spottiswoode, London, 1934, Vol. III, 

. 6 ° 
. *? Hammond and Rudeshill, J. Amer. Chem. Soc., 1950, 72, 2770. 
“8 Heilbron, ref. 46, p. 886. 
4° Gomberg and Kamm, J. Amer. Chem. Soc., 1917, 89, 2009. 
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Pyrolysis 22. The ester was heated in the static reaction vessel (225°: 24 hr.): the 
pyrolysate (a) yielded: (i) 3-3 g., b. p. 110—140°/2 mm. (benzoic acid and tripheny|methane) ; 
(ii) 5-5 g., b. p. 184—215°/2 mm.; (iii) 6-3 g., b. p. 215—245°/2 mm.; (iv) 1-7 g., b. p. 245— 
255°/2 mm.; and (v) 3-2 g. of residual tars. Fractions (ii) and (iii), extracted with ether and 
freed from benzoic acid by aqueous sodium carbonate, yielded a solid, m. p. 169° from benzene— 
light petroleum. A mixed m. p. test (depression ca. 10°) showed that this was not simply 
unchanged (X) (m. p. 168°), despite the closely similar m. p. and elementary analysis (Found: 
C, 86-1; H, 5-9. Calc. for C,,H,,O,: C, 85-7; H, 5-5%). This unidentified substance is being 
studied further. 

Benzil.—Pure a-diketone, from British Drug Houses Ltd., was used. 

Pyrolysis 23. The pyrolysate (a) yielded: 3-0 g., b. p. 65—85° (benzene); 7-0 g., b. p. 
120—150°/3 mm. (benzaldehyde and biphenyl); 7-0 g., b. p. 150—180°/3 mm. (benzophenone 
and a trace of biphenyl); 36-0 g., b. p. 194—198°/3 mm. (unchanged pyrolysand); and 33-0 g. 
of high-boiling tars. 

A cetylbenzoyl.—Pure a-diketone, from British Drug Houses Ltd., was used. 

Pyrolysis 24. The a-diketone was pyrolysed in the semimicro-reaction vessel described by 
Bain and Ritchie *? (ca. 500°; 10 min.); the pyrolysate contained acetophenone and unchanged 
pyrolysand, with no evidence for keten or benzaldehyde. 

Benzylidene Bromide.—Preparation. Curtius and Quedenfeldt’s method ® yielded this 
bromide (60%), b. p. 115°/15 mm., 126°/23 mm. (lit.,5° b. p. 105—107°/12 mm., 156°/23 mm.). 
The b. p. was checked carefully several times, with concordant results; and it is thought that 
the published figure of 156° is a mis-print for 126°. 

Pyrolysis 25. The pyrolysate (a) yielded: 0-8 g., b. p. 90—125°/8 mm. (benzylidene 
bromide, characterised by hydrolysis to benzaldehyde; no evidence for bromobenzene); 5:8 g., 
b. p. 125—160°/8 mm. (tvans-a«’-dibromostilbene, m. p. 208°, from acetic acid; lit.,8® m. p. 
206°) (Found: C, 49-1; H, 3-2; Br, 47-3. Calc. for C,,H,,Br,: C, 49-4; H, 3-5; Br, 47-0%); 
3-3 g., b. p. 160—200°/8 mm. (tvans-a«’-dibromostilbene and tars); and 0-5 g. of high-boiling 
tars. The gaseous pyrolysate (b) was hydrogen bromide, containing ca. 11% of displaced 
nitrogen. 

Detection of Ionic Dissociation of Benzoyl Chloride, Bromide, and Cyanide in the Liquid 
Phase.—Silver nitrate dissolved very readily in benzonitrile, no precipitate of silver cyanide 
being formed. To three portions of this solution were added (separately) pure benzoyl 
chloride, bromide, and cyanide: in each case, the appropriate silver salt was precipitated. 

New Derivatives of Benzil and Acetylbenzoyl.—During the preparation of reference deriv- 
atives for chromatography, the following new compounds were obtained (the former by treat- 
ment of the «-diketone with a large excess of 2,4-dinitrophenylhydrazine): (i) Benzil bis-2,4- 
dinitrophenylhydvazone, orange powder (from ethanol), m. p. 316° (Found: C, 54-6; H, 3-0; 
N, 19-7. CygH,g,O,N, requires C, 54-7; H, 3-2; N,19-7%). (ii) Acetylbenzoyl 2,4-dinitrophenyl- 
hydrazone, yellow-orange needles (from ethanol), m. p. 185° (Found: C, 54-7; H, 3-7; N, 17-0. 
C,;H,,0,N, requires C, 54-8; H, 3-7; N,17-1%). It is not known whether the mono-derivative 
(ii) is substituted in the acetyl or in the benzoyl moiety. 


The authors thank the Department of Scientific and Industrial Research for the award of a 
Research Studentship (to E. J.) and Imperial Chemical Industries Limited for a grant. They 
are indebted to Mr. R. N. Bennett for a preliminary preparation and pyrolysis of cyanomethyl 
benzoate, and to Dr. A. Maccoll for kindly allowing them to read the manuscript of a paper *4 in 
advance of publication. 
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814. The Burning to Detonation of Solid Explosives. 
By N. GriFFitHs and J. M. GRoocock. 


The mechanism by which heavily confined columns of solid granular 
explosives burn to detonation has been studied and it has been shown that 
the process occurs in a number of stages. Combustion is initiated when a 
thermal explosion is produced at one end of the column. It is shown that, if 
the combustion proceeds by a conductive mechanism of energy transfer, the 
maximum combustion velocity obtainable is of the order of 1 m./sec. 
Experimentally, much higher combustion velocities are obtained; these are 
necessary for detonation and are shown to depend on a convective method of 
energy transfer. A combustion of this velocity produces a series of shock 
waves which pass into the unchanged explosive. These waves produce 
chemical reaction in their wake, and a shock exceeding a critical intensity 
becomes progressively more reactive as it passes through the explosive. A 
sudden acceleration of the reaction rate behind the shock occurs by a mechan- 
ism analogous to thermal explosion, and detonation is produced. 


Most solid explosives can readily be made to detonate only by the detonation wave from 
another explosive charge or by an intense shock wave, as in “ gap”’ tests.'_ Although the 
details of initiation of detonation by shock are not yet completely understood it is generally 
agreed that the process requires the rate of release of chemical energy behind the shock 
wave to exceed the rate of loss of energy. 

In practice, detonation is usually initiated by using one of the small number of 
explosives such as lead azide which detonate on receiving a relatively mild thermal stimulus. 
The mechanism by which detonation is achieved in lead azide has been discussed by many 
workers.” 

Explosives, other than lead azide and similar compounds, usually merely burn when 
ignited and cannot therefore be used in detonators. However, burning in high explosives 
or propellants can lead to detonation, often after a long delay, particularly if large 
quantities of material are involved. 

It is probably correct to say that, except where initiation is by an intense shock wave, 
there is no clear understanding of the mechanism by which detonation is achieved in solid 
explosive charges. This applies both to substances, such as lead azide that show no 
well-defined burning region, and to other explosives, including secondary explosives, in 
which burning processes are important. The present investigation deals with the latter 
type of process and particularly with the mechanism by which narrow columns of heavily 
confined secondary explosive (7.e., confined closely in a strong container) achieve detonation 
after a relatively gentle thermalignition. Four high explosives, RDX (cyclotrimethylene- 
trinitramine), HMX (cyclotetramethylenetetranitramine), PETN (trinitrophenylmethyl- 
nitramine, and tetryl, are considered. 


EXPERIMENTAL 


Materials.—These were prepared by Messrs. G. W. C. Taylor and A. T. Thomas of the 
Explosives Research and Development Establishment, Ministry of Supply, to whom the authors 
are indebted. 

Measurement of Combustion Velocity and Detonation Velocity.—Cylindrical brass tubes, of 
2-1 in. external diameter and 0-1 in. internal diameter, were filled with increments of granular 
high explosive. The incremental lengths were less than the channel diameter, so that density 
variations were minimised, and the average density of each explosive column was obtained 


1 Cachia and Whitbread, Proc. Roy. Soc., 1958, A, 246, 268. 

* Andreev, Phys. Z. Sowjetunion, 1933, 4, 120; Garner, Proc. Roy. Soc., 1958, A, 246, 203; Hawkes 
and Winkler, Canad. J. Res., 1947, 25, B, 548; Groocock, Trans. Faraday Soc., 1958, 54, 1526; Evans, 
Proc, Roy. Soc., 1958, A, 246, 199; Ubbelohde, Research, 1950, 3, 207. 














Vol. 1960, page 4154, line 10*. For PETN(trinitrophenylmethylnitramine), and tetryl, read PETN 
(pentaerythritol tetranitrate), and tetryl(trinitrophenylmethylnitramine). 














PLaTE 1. Typical cross-sectional tubes after firing. 





A9. RDX, ignition by F85, d 1-29, length of Al0. As AQ, but d 1-28 and length of burning 
burning column 1-2 cm. column 2*8 cm. 
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from its known volume and the weight of explosive used. The brass tubes contained a series 
of ionisation probes located throughout the length of the explosive column. . 

The explosive columns were ignited at one end by the flame from a Fuze Electric F85, a 
graphite bridge igniter filled with lead styphnate. Only two velocity measurements were taken 
on each tube, the time intervals for the passage of the ionisation front across two pairs of 
co-axial probes situated 1 cm. and 4 cm., and 8 cm. and 11 cm., respectively from the point of 
initiation being measured with two microsecond counters. Usually the first pair of probes 
recorded in the combustion region and the second in the detonation region. The combustion 
velocity was not constant, so only an average value was obtained. 

Further information on the order of reaction at various points in the explosive column was 
obtained by taking cross-sections of the brass tubes used to contain the explosive column and 
assessing the damage to the surface of the channels. In the region close to the point of initiation 
the tube is only slightly expanded and the surface of the channelis smooth. The tube expansion 
increases steadily with distance from the point of initiation, finally reaching a constant diameter, 
and from this point onwards the surface of the channel is roughened by striations which are a 
typical indication of detonation (Plate 1). The length of explosive column required before 
detonation was achieved could therefore be measured accurately. 

Measurement of Gas Permeability of the Explosive Columns.—The gas permeabilities of 
columns of the different explosives for each of the particle sizes and densities used in the 
combustion experiments were measured. Four increments of the explosive were pressed under 
the required conditions into a brass tube 0-6 in. long and of 0-3 in. outside diameter and 0-1 in. 
inside diameter. The time for a fixed volume of gas to be forced through the column by a head 
of mercury in a glass U-tube was measured. 

Photographic Observations of the Burning to Detonation.—A narrow column of secondary 
explosive will burn to detonation only if strongly confined and in the experiments described 
earlier this was achieved by containing the explosive in a very thick-walled brass tube. It was 
considered that further information would be obtained if a container could be made which 
allowed the burning-to-detonation process to be photographed. 

A satisfactory design consisted of a steel tube with a stepped wedge-shaped Perspex window 
keyed in against the pressure from the burning explosive. This tube enabled the first successful 
photographs of the burning to detonation to be taken. A 100,000 frames per sec. framing camera 
and a rotating mirror “‘ streak ’’’ camera were used. The Perspex window gives the smallest 
possible reduction in the confinement of the steel tube and, because it is machined from solid 
plastic, its optical qualities can be excellent. 


RESULTS 


Effect of Explosive Density.—The effect of loading density on the length of burning preceding 
detonation was investigated for RDX, PETN, HMX, and tetryl. The results for the first three 
show that, as the density increases, the length of burning necessary before detonation becomes 
smaller, but there is maximum value of density beyond which the transition into detonation is 
more difficult. 

It was very difficult to ignite tetryl under the experimental conditions and the transition 
to detonation did not occur readily. Under other conditions, however, tetryl can be burnt to 
detonation. 

The gas permeability of equal lengths of the explosive columns, pressed in four increments 
into the permeability tubes at different pressing loads, was measured and is plotted against 
length of burning in Fig. 1. It is seen that as gas permeability increases from crystal density 
there is a very rapid reduction in the required length of burning column. Finally a limit is 
reached and there is then some increase as bulk density is approached. 

Effect of Particle Size at Constant Loading Pressure.—The effect of varying the particle size at 
constant pressing load was investigated with the same type of brass tubes and the same 
technique as above. Experiments were with RDX, PETN, and HMX and a pressing load of 
1 ton/sq. in. As the particle size of the explosive is reduced the length of burning before deton- 
ation shortens, but a limit is reached beyond which smaller particle size requires progressively 
increasing burning lengths. For RDX and HMX the optimum size was 251—124 p. The 
PETN optimum was at 124—76 pu, and its minimum burning length of 0-2 cm. was considerably 
shorter than for other explosives. Gas-permeability measurements were made on samples of 
each particle size, with four increments of equal weight. The dead load on the press was 
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adjusted to give the same density for each sample. The length of burning before detonation 
for HMX is plotted against the gas permeability in Fig. 2. The densities used in the burning 
experiments were not the same as in the gas-flow experiments, so that only qualitative 
conclusions can be drawn, but it is clear that as the gas permeability increases there is a very 
rapid reduction in the burning length preceding detonation. A limit is reached, and for the 
columns of large particle size the burning length then increases again. 


Fic. 1. Variation of length (cm.) of burning 
column and permeability (1/t) for HMX at 
various densities. 





























: Fic. 2. Variation of length of burning and permeability (1/t) 
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Effect of Venting.—The effect of inhibiting the escape of combustion products by closing the 
back of the tube with a tightly fitting brass cap was examined and the results were: 


Burning Burning 
Explosive Confinement length (cm.) Explosive Confinement length (cm.) 
Unsieved RDX } Vented 5-5 HMX size 251—124 HY Vented 5-2 
(d 1-39) Unvented 4-0 (d 1-28) Unvented 1-9 
PETN size 422 » } Vented 1-0 
(d 1-44) Unvented 0-8 


For RDX and HMX, and to a smaller extent for PETN, the interiors of the unvented tubes were 
stained with carbon products, whereas the vented tubes were clean. For all the explosives, the 
vented tubes required a longer length of burning before detonation was achieved. 

The “‘ Bridge ’’ between Combustion and Detonation.—A typical record from a rotating-mirror 
camera is shown on Plate 2. Clearly the stable detonation starts ahead of the combustion 
front and the gap is “‘ bridged ’’ by a detonation wave travelling back towards the oncoming 
combustion. This reverse detonation wave is sometimes called a retonation wave. 

A sequence of framing camera records, shown on Plate 3, shows the burning velocity to be 
very slow in the early stages (1 cm./sec.) and suggests a convective type of burning in the latter 
stages, with a velocity of about 1000 m./sec. 


DISCUSSION 
Mechanism of Initiation of Combustion——The mechanism by which detonation is 
achieved in a heavily confined column of granular explosive, after gentle ignition, is com- 
plex. The flame from the igniter impinging on the end of the column causes the explosive 
in this region to decompose thermally and if the flame is of sufficiently high temperature 
the rate of decomposition of the explosive at. this end of the column becomes high. The 
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system is analogous to one that has been analysed mathematically by a number of workers.’ 
It is assumed that one surface of a slab of explosive initially at temperature 7, is 
instantaneously brought to, and subsequently maintained, at a temperature 7,. The 
variation of the temperature T within the explosive slab as a function of time and distance 
is then calculated. For the one-dimensional semi-infinite case the equation used is: 


ec dT/dt = pQ defdt ++ K@7T/dx2? . . . . . . (I) 


where K is the thermal conductivity of the explosive, p its density, ¢ its specific heat, and 
Q its heat of reaction per unit weight. de/d¢ is the rate of reaction. In effect, the equation 
considers the rate of temperature rise of unit volume of the explosive in the reaction zone 
in terms of the heat liberated by chemical reaction and lost or gained by thermal 
conduction. By making simplifying assumptions Cook*® has numerically integrated 
equation (1). A series of temperature—distance profiles similar to those given in Fig. 3 
is obtained and it is shown that, for a given explosive and particular values of T, and T, 
after a certain time interval, the temperature at a particular small distance from the 
interface becomes high. The decomposition rate at this position has, therefore, a high 
value, and the explosive is said to have undergone a thermal explosion. 
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Combustion with Energy Transfer by Conduction.—The simple theory described in the 
last paragraph can be extended to enable the velocity of any particular temperature (e.g., 
Tp in Fig. 3) as it moves through the explosive slab, to be calculated, and it is clear that 
once the thermal explosion condition has been passed, this velocity is the combustion 
velocity. Several workers* have used equations similar to equation (1) in calculating 
flame velocities for gaseous systems. The gas is initially at temperature 7,, and after 
passage of the narrow reaction zone the temperature of the gas remains constant at the 
much higher final temperature T,. Boys and Corner,’ by making approximations, show 
that the combustion velocity is given by an expression of the form: 


v? = (RT,2/E(T, — T,) — RT.2|(KB/cp) exp (—E/RT,) . . . (2) 


where B and E are the pre-exponential terms and activation energy of the reaction 
respectively. ‘ 

Equation (2) has been used® with considerable success in predicting combustion 
velocities for mixtures of oxidising and reducing agents in which all reactants and products 
are solids. For a mixture of iron and potassium permanganate Hill ® calculated velocities 
of about 0-1 cm./sec., in close agreement with experiment. 


* Cook, A.R.D.E, unpublished Ministry of Supply report. 

* Boys and Corner, Proc. Roy. Soc., 1949, A, 197, 90; Von Karman, Sixth Symposium (International) 
on Combustion, 1957, p. 1. 

5 Hill, Sutton, Temple, and White, Research, 1950, 3, 569. 

® Hill, Proc. Roy. Soc., 1954, A, 226, 455. 
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The combustion of solid high explosives is much further removed from the simple model 
than an oxidising-reducing system, particularly as the products are gaseous. Even if 
allowance could be made for this, equations of the Boys—Corner type cannot explain the 
combustion velocities of up to 1000 m./sec. found in high explosives. With a reaction rate 
of 108 sec.*1, as found in detonation zones,’ the velocity would be only 1 m./sec. The high 
experimental combustion velocities must therefore depend on a different method of energy 
transfer and it is suggested that this is convection, hot combustion products being forced 
ahead of the reaction zone into the unchanged explosive. 

The burning of unconfined columns of low-density PETN, RDX, and HMX in a con- 
ventional strand burner has been described by Taylor. At low ambient pressures 
“normal” burning rates, which are less than 1 cm./sec., are observed. At ambient 
pressures higher than a critical value, which varies with the explosive and its physical 
form, higher velocities up to 1 m./sec.® are observed. 

Stages in the Burning to Detonation.—It is now possible to break down into a number of 
stages the mechanism by which detonation is achieved in a granular solid explosive after 
gentle ignition. When the flame from the igniter impinges on the end of the column 
decomposition of the explosive occurs in this region. If decomposition is sufficiently rapid 
a thermal explosion occurs near the end of the column and a combustion wave starts to 
move down the column. If the mechanism of heat transfer is by conduction the velocity 
will certainly be less than 1 m./sec. and will probably be less than 1 cm./sec., as observed 
by Taylor. Under the correct conditions the energy-transfer mechanism will be by 
convection rather than conduction; the transition from the conductive mechanism to the 
convective mechanism can be seen in Plate 3. Much higher combustion velocities are 
then possible. Finally a very high combustion velocity of the order of 800 m./sec. leads 
to the production of detonation by a mechanism which will be discussed below. 

The experimental work described here deals in the main with the high-velocity com- 
bustion governed by convection and the transition to detonation. All the results support 
the hypothesis that detonation depends on the build-up of a very high combustion velocity. 
The velocity of combustion which can be reached by a mechanism of energy transfer in 
which hot reaction products penetrate into the unchanged explosive will depend on a 
number of factors among which may be listed (a) the pressure and temperature of the gas 
products, (b) the resistance of the explosive to the penetration of the gas products, and 
(c) the efficiency of transfer of energy from the gaseous products to the unchanged 
explosive. 

If backventing is prevented detonation is reached more easily because in the absence of 
venting the pressure in the combustion zone is higher and the flow of gas forwards is 
facilitated. The close correspondence between the ease of production of detonation and 
the air-permeability tests shows the importance of (c). When permeability is altered by 
varying the density of the explosive column, factor (a) also is important. As the density 
decreases the permeability increases and this assists the combustion, but at the same time 
the pressure in the reaction zone must decrease and this retards the combustion. A curve 
of the type found experimentally (Fig. 1) is therefore expected. Similarly, when the 
permeability is varied by changing the particle size at constant density, the combustion is 
made easier as the particle size is increased (Fig. 2) because the permeability of the bed is 
increased. However a limit is soon reached, because the efficiency of transfer of energy 
from the gaseous products to the unchanged explosive is reduced by the low surface : volume 
ratio of the particles of explosive. Changing the explosive will change both the pressure 
and the temperature of the combustion—heat of explosion will be the most important 


7 Copp and Ubbelohde, “‘ High Speed Aerodynamics and Jet Propulsion,” Oxford Univ. Press, Vol. 
IT, 1956, p. 592. 

8 J. W. Taylor, personal correspondence. 

® Lewis and Von Elbe, ‘‘ Combustion, Flames and Explosions,” Academic Press Inc., New York, 
1951, p. 591. 
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parameter here—and therefore will change the reaction rate. PETN with its high heat of 
explosion will be different from HMX and RDX. 

The combustion will produce gas at an elevated pressure in the reaction zone. Most of 
this gas will flow backwards but some will flow forwards into the pores of the unchanged 
explosive. The ratio of the flow forwards to that backwards will be inversely proportional 
to the resistance to gas flow in the two directions. In addition, the flow in both directions 
will increase if the combustion velocity increases. 

Mechanism by which Detonation is Achieved in “‘ Gap” Tests.—The generally accepted 
view of the mechanism by which detonation is achieved in “ gap ’’ experiments can be made 
more definite by introducing the concept of a thermal explosion, building up in the wake of 
the shock wave. If the temperature and pressure immediately behind the shock wave are 
T and P, the rate of energy loss from this region will be a function of P if shock processes 
are important, and dependent upon 7 if conduction processes are important. TJ will 
initially be in the region 400—500° c,® so it is not unreasonable to represent rate of chemical 
reaction by an Arrhenius type equation. The rate (d7/d#) at which the temperature 
behind the shock front changes can therefore be represented by: 


dT /dt = (1/ec) £(P,T) + (QZ/C) exp (—E/RT) (°c/sec.) . . . (3) 


where (1/pC) f(P,T) is the energy loss term and (QZ/C) exp (—E/RT) is the term covering 
energy gain by chemical reaction. 

It is not possible to solve equation (3) as it stands, but a similar equation, which is 
soluble with certain approximations, has been used by Groocock ? to represent the thermal 
decomposition im vacuo of a crystal of an explosive. The crystal is tipped into a reaction 
vessel at temperature 7, °K. It immediately starts to lose or gain heat to the vessel at a 
rate proportional to (7, — 7), where T is the temperature of the crystal (the crystal is 
sufficiently small for the temperature within it to be uniform) and it is also assumed to 
decompose with zero-order kintics, so that it gains heat by chemical reaction. The rate at 
which its temperature changes can therefore be represented by: 


dT /dt = h/C(T, — T) + (QZ/C) exp (—E/RT) (°c/sec.) . . . (4) 


where h/ is the total thermal emissivity of the crystal. This equation can be integrated 
graphically for particular values of the various constants; e.g., values which give a reason- 
able representation of an organic high explosive and also simplify the calculation are: E = 
46-6 kcal./mole, h/C = 105 sec.1, Q/C = 4000 °c/g., and Z = 2-5 x 10" sec.1. 

The integration gives curves of temperature against time for the crystal and these can 
immediately be used to obtain curves of reaction rate against time. Four curves of the 
latter type are given in Fig. 4. For curve A it was assumed that at time ¢ = 0 the crystal 
was heated to a temperature of 660° K and then was immediately exposed to room temper- 
ature (300° k). It is clear that the reaction rate although initially low rises continuously 
and explosion occurs after about 0-72 microsecond. Curves B and C are similar, but for 
curve D, where it is assumed that 7, is only 640° k, the reaction rate falls continuously and 
no explosion occurs. The critical condition is that d7/d¢ = 0 when ¢ = 0, and by use of 
this it can be shown that explosion will only occur if the initial temperature, Ty, of the 
crystal is greater than 647° k. 

Fig. 4 could equally well give a qualitative impression of the reaction rate immediately 
behind the shock in a “ gap ’’ test, provided that equations (3) and (4) are mathematically 
similar. It is likely that this will be so: in thermal explosion the energy losses increases 
roughly proportionally to the excess temperature, and in shock initiation the energy losses 
increase roughly proportionally to the excess shock pressure and temperature. Similarly 
in both cases the chemical reaction, even if not following the Arrhenius equation exactly, 
will vary very rapidly with the temperature. Applied to shock initiation, curve A of 
Fig. 4 would represent the entry into the explosive charge of a shock sufficiently intense to 
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give an initial temperature of 660° kK. Reaction would start at a low rate and, at first, the 
reactive shock would be experimentally indistinguishable from a non-reactive shock. 
However, after 0-72 microsecond the reaction rate immediately behind the shock would 
suddenly become high and at this stage the reactive shock would change to stable deton- 
ation. In the 0-72 microsecond induction period the reactive shock would have gone some 
distance into the receptor charge, say 1-4 mm., and detonation would start at this point. 

For a slightly less intense shock, giving an initial temperature of only 640° kK, the 
reaction rate behind the shock would fall continuously (curve D) and the latter would soon 
become completely non-reactive. 

There are two main differences between thermal initiation of explosion and shock 
initiation of detonation. (a) Thermal explosion normally occurs in a stationary system and 
gives no direct method by which any wave associated with it can accelerate to a high 
velocity. In shock initiation the shock is moving at a high velocity and acceleration to the 
detonation velocity arises naturally when the reaction rate in its wake becomes very high. 
(6) In thermal explosion the “ spiral ”’ leading to explosion contains only temperature and 
reaction rate: chemical reaction causes a rise in temperature which in turn causes a rise in 
reaction temperature which in turn causes a rise in reaction rate. In shock initiation the 
“spiral ’’ is more complex. The shock raises the temperature of the explosive; the con- 
sequent chemical reaction causes a rise in pressure in the already shocked material; 
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pressure pulses moving through the already compressed material catch the shock up and 
reinforce it; the reinforced shock gives a higher temperature, and so on. 

Mechanism by which High-velocity Combustion Leads to Detonation.—Suppose that a 
combustion wave of constant velocity has just been established in a confined column of 
granular explosive with limited rear-venting. The reaction zone will be a region of high 
pressure and temperature, and the combustion will be propagated by the convective 
method of energy transfer described above. In addition, a compression wave will precede 
the combustion into the unchanged explosive at a high velocity—the velocity of sound in 
this material. The compression wave as it passes through the explosive will do work on 
the explosive and there will be a transfer of energy from the wave to the explosive. 
Consequently, as the head of the compression wave proceeds progressively farther ahead 
of the combustion wave, the pressure increase at the head of the wave becomes progressively 
less. The mechanism is essentially the same as that by which a shock wave degrades in a 
non-reactive material. The pressure profile near the combustion region is maintained by 
the constant high pressure of the combustion region—it is only the head of the compression 
wave which degrades. 

For a combustion of higher, but still constant velocity, the profile would be similar, 
except that the pressure in the reaction zone will be higher and the rate of working on the 
explosive immediately ahead of the zone will also be higher. Consequently the pressure 
gradient in this region will also be greater. 
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For an accelerating combustion there will be two groups of effects. The first will be 
the progressive change of the pressure profiles of a low-velocity combustion into those of a 
higher-velocity combustion. The second will be the effects due to the acceleration itself. 
It is well known ® that in gases an accelerating combustion propagates a series of com- 
pression waves. The later waves, passing through already compressed gas, travel faster, 
and eventually they all coalesce to form a shock wave. A similar effect will be found in the 
system under consideration, and the acceleration of the combustion will tend to maintain 
the compression front as it moves ahead of the combustion. 

It is thought that the final stage in the production of detonation in a solid burning-to- 
detonation system has the same mechanism as that occurring in “ gap’ tests. There are 
two mechanisms by which the necessary intense compression wave can be built up. The 
first is that to occur in gases, mentioned above. In this case the first intense compression 
wave as it proceeds progressively further ahead of the combustion wave is reinforced by 
additional shocks due to the acceleration of the combustion. Finally, the shock intensity 
exceeds the critical “‘ gap test” shock intensity for the explosive and starts the growth 
process leading to detonation. It is probable from the experimental results that, if this is 
the mechanism, the important reinforcement of the shock wave will occur when the com- 
bustion front is accelerating from, say, 100 m./sec. to 1000 m./sec. The shock velocity 
throughout this period will be greater than 2000 m./sec., so that the point at which deton- 
ation is achieved will be progressively further ahead of the combustion front the longer 
the build-up takes. A separation of 1 cm. will be present if detonation is initiated in a few 
microseconds, and only in long-charges will it be possible for detonation to be delayed 20 or 
30 microseconds after the establishment of rapid combustion. In gaseous detonations of 
this type shock reflections off the end of the tube, if this is sealed, are often important and 
it might be that long delays before the production of detonation in solids might be explained 
in these terms. 

In the second method it is considered that the reinforcement of shocks at the shock 
front is relatively unimportant. This will be true if the shock front degrades more rapidly 
than it can be reinforced by the accelerating combustion. On this theory a constant- 
velocity combustion will be sending out a continual series of compression waves, which will 
be most intense just as they leave the combustion and will quickly die away as they pass 
into the unchanged explosive. With an accelerating combustion (or a constant-velocity 
combustion in which the venting is progressively reduced), the pressure in the reaction 
zone will increase and with it the intensity of the shock waves emanating from it. Finally, 
a shock wave may be produced at the front of the combustion which exceeds the critical 
“gap test’ intensity and this, instead of degrading, will build up to detonation after the 
usual induction period. 

It is seen that for both mechanisms there is a separation between the combustion front 
and the point where detonation is produced. For the second mechanism this is exactly 
equivalent to the “run up” length in gap tests. The critical wave will appear when the 
combustion velocity (or venting) reaches a critical condition and there are no limitations 
on the time for this. For the first mechanism the separation includes the “ run up” 
length, but adds the length that the shock has gone ahead during the acceleration of the 
combustion. 

In both cases a reverse detonation wave will go back from the point where detonation is 
produced. This reverse detonation wave will degenerate into a shock wave when it 
reaches the already burnt region. The convective combustion, the non-luminous shock, 
the detonation wave, the retonation wave in the unconsumed explosive, and the retonation 
wave in the combustion products are all clearly shown in the streak camera photograph 
(Plate 2). 

It has been suggested that the mechanism by which detonation is finally initiated is 
similar to the mechanism by which detonation is initiated in “ gap’ tests. It seems clear 
that this can be true only if the pressures developed in the combustion zone are of the same 
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order as those found effective in ‘‘ gap’ tests. Marlow and Skidmore ! have shown that 
a shock in cast 60/40 RDX/TNT will become reactive and initiate detonation only if its 
pressure is greater than about one-tenth of the detonation pressure. The pressure that 
must be built up to initiate detonation in granular explosives which are much more sensitive 
to shock than RDX/TNT is therefore likely to be considerably less than one-tenth of their 
detonation pressures, and there seems no reason why pressures as high as this should not 
be built up in the combustion region. The expansion of the brass tube found 
experimentally in the combustion region, although much less than in the detonation 
region, is in accord with the suggestion that the pressures in this region are very high. 

Both mechanisms for the production of the intense shock, which starts detonation, 
depend upon the acceleration of the combustion wave. Experimentally it is clear that in 
the heavily confined columns of explosive the combustion is accelerating, and two mechan- 
isms by which this can occur are suggested. First of all, the convective-combustion 
mechanism is self-accelerating. As the combustion rate increases, the pressure in the 
combustion zone increases (with consequent increase in temperature and reaction rate) 
and the hot gases go ahead more rapidly into the unchanged explosive. Secondly, the 
shock effects build up progressively and, even when they are below the level at which they 
can initiate reaction themselves, they will assist the following combustion by raising the 
temperature and pressure of the explosive. 


The authors thank Miss M. Beech and Mr. S. T. Spooner who assisted with the experimental 
work, and the Controller of H.M. Stationery Office for permission to publish this paper. 
ARMAMENT RESEARCH AND DEVELOPMENT ESTABLISHMENT, 
Fort HALSTEAD, KENT. [ Received, December 15th, 1959.) 
10 Marlow and Skidmore, Proc. Roy. Soc., 1954, A, 246, 285. , 


815. Alkyl Derivatives of Group I Metals. Part I11.* Kinetics 
of Decomposition of Ethylcopper(1) in Ethanol. 
By C. E. H. Bawn and R. JoHNsoN. 

The reaction between cupric nitrate and tetraethyl-lead has been shown 
to occur in two stages: (a) reaction between cupric ion and alkyl-lead to give 
cuprous ion and the free ethyl radical; and (b) formation of insoluble ethyl- 
copper(1) by reaction of the cuprous ion with tetraethyl-lead. The kinetics 
of the first stage were determined by suppressing the second by formation of 
the cuprous complex with p-dimethylaminobenzylidenerhodanine. Under 
these conditions the yield of Et was quantitative and reaction followed a 
bimolecular rate law. The overall mechanism is discussed. 


IN previous papers * it was shown that copper and silver salts react with alcoholic solutions 
of a tetra-alkyl-lead with formation of a free radical and reduction of the metal ion either 
to the lower valency state or to the metal. Cupric salts react in two steps: reduction to 
the cuprous state, and reaction of the cuprous compound with the alkyl-lead. to form an 
alkylcopper(1). The general features had been observed by Gilman and Woods? but 
they did not propose a detailed mechanism. The reactions and the kinetics of the initial 
electron-transfer, Cu?* + PbEt, —» Cu* + PbEt,* + Et> have now been studied. 

Experimentally, reaction between cupric nitrate and tetraethyl-lead occurs as (a) dis- 
charge of the blue colour and (b) rapid formation of a brown precipitate. Stage (a) was 
accompanied by production of cuprous ions, as shown by the use of #-dimethylamino- 
benzylidenerhodanine. The precipitate was stable in alcohol below —30° but decomposed 
or reacted with the solvent at room temperature, with evolution of gas. 


* Parts I and II, J., 1960, 3923, 3926. 


! Bawn and Whitby, Discuss. Faraday Soc., 1947, 2, 228. 
? Gilman and Woods, J. Amer. Chem. Soc., 1943, 65, 435. 
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The gaseous products of the overall reaction at 20° consisted of ethane, ethylene, and 
butane in the proportion set out in the Table. The carbon yield, based on the assumption 
that Cu?* consumed liberated two ethyl radicals, was 73—74%. 


Reaction between Cu?* and PbEt, in ethanol (typical results). 


Carbon 
balance 

Cu*t PbEt, C,H, C,H, C,Hy (Cu®* 

(10-* mole) (10° mole) (10-* mole) (10-* mole) (10-4 mole) = 2Et) Remarks * 

1-65 12-7 1-61 0-12 0-35 74% Total reaction at 20° 

1-92 12-7 1-68 0-27 0-0 101-9 In presence of X. 

3-15 12-7 1-38 0-0 0-49 75-1 Reaction at -—30°. Results 
show gases evolved on warm- 
ing to 20°. 

1-81 12-7 0-0 0-19 0-0 10-1 X added after complete re- 
action at 20°. 

1-81 12-7 0-86 0-35 0-26 50-0 In presence of excess of Y. 

1-79 13-0 0-33 0-08 0 13-6 In presence of excess of Z. 


* X = p-Dimethylaminobenzylidenerhodanine. Y = NN-Diphenyl-N’-picrylhydrazyl. Z = 
Acrylonitrile. 


These observations suggested that during the first stage cupric copper was reduced to 
the cuprous state and that the second stage involved reaction of the cuprous ion. This 
was confirmed by suppressing the second stage by complex-formation between cuprous 
copper and #/-dimethylaminobenzylidenerhodanine. The gaseous products then corre- 
sponded to the liberation of one Et radical for each Cu?* consumed (see Table). The 
reaction which occurred was therefore analogous to that observed with tetramethyl-lead: 


Cu®+ + PbEt, ——t> Cut + PhEts++ Et 2. 2. 2. 2. ee ee WD 
a ee 
Et + EOH—m CH,4+6O . . 1... 2. ee ee & 


At —30°, in the absence of a complex-forming agent, the cuprous ion reacted further, 
to form a brown precipitate of ethylcopper(1), without further gas evolution: 


Cu + OR tC EA SE kl tw te 


Warming the solution caused evolution of ethane and butane (see Table). If it is assumed 
that the gases are produced by solvent-reaction or by decomposition of ethylcopper(t) 
according to the scheme: 
CuEt + EtOH ——B CuOE—t+C,H, . . . »« «© © « « « (5) 
2CuEt —— 2Cu + CH ero wet er i 


then the yield of gases was 75%. If the free ethyl radical were liberated as in reaction (1) 
it would be expected to disproportionate to some extent to ethylene and ethane. The 
absence of ethylene was not due to its polymerisation since the reacting mixture of 
copper nitrate and tetraethyl-lead did not polymerise ethylene at 1 atm. and room temper- 
ature. It therefore appeared that the butane formed was not a combination product of the 
ethyl radical but was formed in one step by the reaction (6). 

If, when gas evolution was complete, the rhodanine reagent was added to the solution 
ethylene was liberated (see Table) and it must therefore be postulated that this was 
retained in solution as a co-ordination complex with the cuprous salt. Such a complex not 
only prevents release of ethylene but also removes potentially reactive cuprous copper 
from the system. Ifa 1:1 complex is formed it produces an ethylene deficiency of about 
10% in the first stage of the reaction, and modifies the second stage so that only about 
90°, of the cuprous ion will be‘available. The total deficiency in carbon yield is therefore 
about 20% and when this is allowed for the overall yield based on 1Cu?* yielding 2Et: is at 
least 95°, of that required by the scheme (1)—(6). 

X-Ray analysis of the end copper product showed the presence of copper metal and 
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cuprous oxide, with the latter in large excess. Chemical analysis agreed with a com- 
position Cu,O 80% + Cu 20%. The metal was produced by disproportionation of cuprous 
ion: 
CuOEt ——e Cut + OEt~ 
2Cut —w Cu*+ + Cu 


and in the absence of excess of the alkyl-lead the colourless solution formed at the end of 
the reaction became blue and a copper mirror was deposited. The cuprous oxide was 
formed by hydrolysis of ethylcopper(!) : 

2CuOEt + H,O —w Cu,O + 2EtOH 


The other end product of the copper nitrate reaction was triethyl-lead nitrate and this 
was confirmed by isolation and analysis of the product (Found: Pb, 57-6; N, 4:0; C, 
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18:7; H, 4:2. C,H,,NO,Pb requires Pb, 58-1; N, 3-9; C, 20-2; H, 42%). No evidence 
was obtained in this reaction, or in that of other alkylmetals with copper or silver ion, for 
the replacement of more than one alkyl group. 

Formation of Free Radicals.—The free-radical mechanism was justified by measure- 
ments in the presence of free-radical capture agents. NN-Diphenyl-N’-picrylhydrazy]l is 
decolorised by free radicals * and when our reaction was carried out in the presence of an 
excess of this hydrazyl the latter was decolorised and the gas yield was considerably 
decreased (see Table). The radical capture was not complete and this was partly due 
to the rapid competing reaction between the hydrazyl and cuprous ions. 

In the presence of acrylonitrile, formation of hydrocarbons was almost completely 
suppressed (see Table) and polyacrylonitrile was produced in high yield. Formation of 


on a and Mellish, Trans. Faraday Soc., 1951, 47, 1216; Bawn and Margerison, ibid., 1955, 51, 
780, 925. 
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ethylcopper(1) was also inhibited, owing to complex formation between cuprous ions and 
acrylonitrile. Similar observations were made with styrene and the kinetics. of this 
polymerisation, to be reported in a later paper, substantiate the free-radical character of 
the reaction. 

Reaction Kinetics.—Reaction between Cu*®* and tetra-alkyl-lead is relatively fast at 
room temperature and its kinetics were determined by suppressing the secondary reaction 
of Cu* as described above. Under these conditions a 100% yield (Cu®* = 1Et) was 
obtained and the rate of the reaction was observed by direct measurement of the hydro- 
carbon. The gases were removed continuously by a Toepler pump as described by Bawn 
and Whitby.! In a typical series (Fig. 1) of experiments the alkyl-lead was in at least a 
20-fold excess, so that its concentration may be assumed to be constant. The plot of log 
(V.. — V;) against time, where V ,, is the total volume of gas evolved and V, the volume at 
time ¢, was linear, showing that the reaction was of the first order with respect to cupric ion 
(Fig. 2). At constant [Cu**], the rate at varying alkyl concentrations (determined from 
the slope of the gas evolution—time curve) showed that the rate of reaction was proportional 
to the alkyl-lead concentration (Fig. 3). The primary process is therefore the bimolecular 
reaction (1). The variation of the rate with temperature gave a linear Arrhenius plot 
corresponding to an activation energy of 15-2 kcal]. mole and an overall rate of reaction 
k = 7-42 « 10° exp (—15,200/RT) 1. mole™ sec.*. 


DEPARTMENT OF INORGANIC AND PHYSICAL CHEMISTRY, 
LIVERPOOL UNIVERSITY. [| Received, February 18th, 1960.) 


816. Steric Effects in 2,2'-Bridged Biphenyls with a Heterocyclic 
Bridging Ring. Part III. The Ultraviolet Absorption Spectra of 
some Dihydrodibenzazepinium Compounds. 


By SHAKTI R. AHMED and D. Muriet HALL. 


The four 4’,1’’-dihalogeno-2,7-dihydro-3,4:5,6-dibenzazepinium-1-spiro- 
1’’’-piperidinium bromides (I) have been prepared and their ultraviolet 
absorption spectra determined. Some conjugation between the two benzene 
rings is evident, even in the di-iodo-compound, indicating that the steric effect 
of the halogen atoms is less in these compounds than it is in the 2,2’- 
dihalogenobiphenyls. 


THE ultraviolet absorption spectra of 2,2’-bridged biphenyls with a saturated homocyclic 
or heterocyclic seven-membered ring show a large measure of conjugation between the 
two aromatic rings.>*4 The study of the effect of ortho-substituents on the spectra of 
such compounds has been limited to the substituents methoxyl ? (where the large meso- 
meric effect may complicate assessment of a purely steric effect), methyl, and chloro; ® 
in the case of the chloro-compounds strongly auxochromic /-chlorine atoms were also 
present, masking some of the finer points of the ortho-effect. 

In order to extend this range the 00’-dihalogenodihydrodibenzazepinium-spiro-piperidin- 
ium bromides (I; X = F, Cl, Br, I) were selected for study. Not all the halogens show 
the strongly perturbing spectral effects of, for example, methoxyl, and the series has the 


1 Part II, J., 1959, 3383. 

2 Beaven, Hall, Lesslie, and Turner, J., 1952, 854; see also Cohen, Cook, and Roe, J., 1940, 194; 
Huang, Tarbell, and Arnstein, J. Amer. Chem. Soc., 1948, 70, 4181; Horowitz, Ullyot, E. C. Horning, 
M. G. Horning, Koo, Fish, Parker, and Walker, ibid., 1950, 72, 4330; Rapoport, Williams, and Cisney, 
ibid., 1951, 78, 1414; Rapoport, Allen, and Cisney, ibid., 1955, 77, 670. 

* Beaven, Bird, Hall, Johnson, Ladbury, Lesslie, and Turner, J., 1955, 2708. 

* Beaven and Johnson, J., 1957, 651. 

5 Wittig and Zimmermann, Chem. Ber., 1953, 86, 629. 

® Hall and Minhaj, /., 1957, 4584. 
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added advantage that a similar study of 2,2’-dihalogenobiphenyls (II; X = F, Cl, Br, I) 


has already been made.’ 


EtO,C CO,Et 
(I) (II) (111) 


The azepinium compounds were synthesised by standard methods and isolated and 
purified as the quaternary iodides, which are less soluble than the bromides and are not 
solvated. They were reconverted into the bromides for spectroscopic study since the 
iodide ion absorbs strongly in the 210—250 my region. All the bromides crystallised with 
two molecules of water and were extremely soluble in water. 

In the spectrum (Fig. 1 and Table) of the 4’,1’’-dichloro-bromide (I; X = Cl) some 
loss in conjugation in comparison with the unsubstituted compound (I; X = H) is apparent, 
indicated by a lower intensity of the conjugation band rather than by any significant shift 
to shorter wavelengths. At the same time the increase in wavelength of the short-wave 
band has led to some filling up of the minimum between it and the conjugation band. 

In the dibromo-compound both these effects are more pronounced, with the result that 
the conjugation band is no longer clearly separated from the short-wave band but appears 
as a conspicuous inflection at 246 my. 

The spectrum of the di-iodo-compound is complicated by the intense absorption of 
the iodophenyl partial chromophore. Beaven and Hall? correlated the band at 230 mz 
(e 19,700) in 2,2’-di-iodobiphenyl with the band at 228—233 my (e 13,300) in iodobenzene.® 
In the azepinium compound there is a very broad band at rather longer wavelength; it 
seems reasonable to attribute this to overlapping of the iodophenyl band by the residual 
conjugation band, leading to a slight maximum at 235 my (e 18,200) (where iodopheny]l 
absorption predominates) and a marked inflection at ca. 254 my (e 13,000) (where the 
conjugation band falls off steeply). (As Fig. 1 shows, the precise positions of these features 
have little significance.) The absorption is much higher in the region 240—260 my 
(c 17,300—9300) than in the same region in 2,2’-di-iodobipheny] (ec 12,000—2200) (where 
conjugation is considered to be absent), suggesting strongly that appreciable conjugation 
is still present in the oe ee bromide. 

The three compounds (I; X = Cl, Br, I) thus form a series showing increasing steric 
hindrance with increase in size of the halogen atom. The spectrum (Fig. 2) of the difluoro- 
compound (I; X = F) is at first sight anomalous since it shows a considerable short-wave 
shift of the conjugation band. However, introduction of fluorine into an aromatic com- 
pound sometimes causes a hypsochromic shift in the spectrum ® and, for biphenyls, Beaven 
and Hall? found that 4-fluoro-, 4,4’-difluoro-, and 4,4’-difluoro-3,3’-dimethyl-bipheny] all 
absorb at shorter wavelengths than biphenyl itself, whereas the normal effect of para- 
substitution is a marked bathochromic shift; thus 4,4’-difluorobiphenyl has A,,x, 245 my 
(ec 15,000) whereas 4,4’-dichlorobiphenyl ® has Amax, 259 my (¢ 25,200). 

The difluoro-azepinium bromide shows some reduction in intensity of the conjugation 
band but less than the dichloro-compound does. In this respect it falls into place in the 
series of halogeno-compounds. It seems probable that part of the short-wave shift of 
ca. 6 my is attributable to the hypsochromic effect of fluorine substitution rather than to 
a pronounced steric effect; possibly some of the (greater) blue shift observed by Beaven 

7 Beaven and Hall, J., 1956, 4637. 


® American Petroleum Institute, Research Project No. 44, Ultraviolet Spectral Data, Serial no. 308. 
® Burawoy and Thompson, /., 1956, 4314. 
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and Hall’ in the spectrum of 2,2’-difluorobiphenyl is also due to the specific electronic 
character of fluorine rather than to its size. 

We have also examined the spectrum (Fig. 2) of a difluoro-compound (III) with a homo- 
cyclic bridging ring and find that the effect of the fluorine atoms on both wavelength and 


Ultraviolet absorption spectra. 


Short-wave Conjugation Long-wave 
band Minimum band Minimum features 
Compound Amax. € Amin. € Amas. € Amin. € Awaz. € 
(I; X = H) ¢ (in H,O) -- — 224 4500 248 15,000 — — (ca. 281-5) 2250 
(ca. 272) 4750 
(I; X = F) (ca. 208) 42,000 229 8250 243-5 12,600 257 2900 282 8340 
241 12,600 275 8900 
(I); XX = Cl) 219 43,000 238 9000 247 10,000 264-5 2300 (285) 2350 
277 3750 
(I; X = Br) 221 35,100 — — (246) 8850 266:5 2050 (286) 1900 
277°5 3000 
(I; X = J) (ca. 212) 23,000 234 18,000 (254) 13,000 277-5 3140 282 3250 
235 18,200 281 3240 
Me 3,4:5,6-dibenzocyclo- 207-5 42,500 227-5 5700 248-5 15,500 — — (ca. 274) 1700 
hepta-3,5-diene-l-carb- 
oxylate ° 
(11) (ca. 208) 36,300 224-5 6230 244 13,100 262 3840 (ca. 277) 4250 
241-5 13,000 271-5 4950 


Solvent, 96% ethanol, except for (I; X = H); wavelengths in my; values in parentheses denote 
inflections. 

* Beaven, Hall, Lesslie, and Turner, J., 1952, 854. & Beaven, Bird, Hall, Johnson, Ladbury, 
Lesslie, and Turner, J., 1955, 2708. 
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Fic. 1. Ultraviolet absorption spectra, in 96%, ethanol, of 4’,1’’-dichloro- ( ), 4’,1’-dibromo- (— — —), 
and 4’,1”’-di-iodo-2,7-dihydro-3,4:5,6-dibenzazepinium-1-spiro-1’’"’-piperidinium bromide (....). 
Fic. 2. Ultraviolet absorption spectra, in 96% ethanol, of 4’,1’’-difluoro-2,7-dihydro-3,4:5,6-dibenz- 
azepinium-1-spiro-1’’-piperidinium bromide (....) and ethyl 4’,1’’-difluoro-3,4:5,6-dibenzocyclo- 


hepta-3,5-diene-1,1-dicarboxylate (—— ). 


intensity of absorption closely parallels their effect in the heterocyclic compound. The 
long-wave absorption in the two difluoro-compounds reflects the strong absorption of 
fluorobenzene (max. 1060) in this region compared with that of the other halogenobenzenes.!® 
Where the absorption of the fluorophenyl partial] chromophore is superimposed on the 
already high long-wave absorption of the heterocyclic system, a very intense band results. 


10 Ref. 8, Serial nos. 296, 300, 304, 308. 
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The results for these five bridged compounds are of interest in connection with the 
conformations of bridged and non-bridged biphenyls. The 2,2’-dihalogenobiphenyls have 
a “‘ cis ’-conformation ; 4-12-13 experimental and calculated values of 0 (the angle between 
the planes of the benzene rings) have been discussed earlier.’ Except for the difluoro- 
compound, @ is almost certainly of the order of 75° or more; spectroscopically, only the 
difluoro-compound shows a distinct conjugation band and steric inhibition of conjugation 
appears to be complete with the di-iodo-compound. In the dihydrodibenzazepinium- 
spiro-piperidinium bromides, however, a strainless conformation for the heterocyclic rings 
gives a value ® (calculated) of 47° for 8. The halogen atoms can only be accommodated in 
the ortho-positions, without great distortion of the bridging ring, if they approach one 
another much more closely than is normal for non-bonded atoms. 

In a non-bridged biphenyl steric strain caused by the introduction of large ortho- 
substituents can most readily be eased by increase in 6; in the bridged compounds the 
strain is presumably distributed between (a) compression of the substituents (equivalent 
to decrease in the van der Waals radius), (b) out-of-plane bending of the substituents (an 
effect known to occur fairly readily with halogens; cf. o-dichlorobenzene and 2,2’-di- 
iodobiphenyl-5,5’-dicarboxylic acid 15), and (c) increase in 6 with corresponding distortion 
of the seven-membered ring. As a result two o-chlorine atoms can be accommodated so 
that the compound still gives a distinct conjugation band and even with two o-iodine 
atoms 6 does not become large enough for all conjugation to be obliterated. 

The difluoro-ester (III) was converted into the corresponding monocarboxylic acid 
with a view to optical] resolution. So far, all attempts have failed, although the optical 
stability of 4’,1’’-difluoro-2,7-dihydro-l-methyl-3,4:5,6-dibenzazepine 1 makes it rather 
unlikely that the failure is due to configurational instability in the acid. 


EXPERIMENTAL 


Ultraviolet absorption spectra were measured on a Unicam S.P. 500 spectrophotometer. 

4’,1’’-Difluoro-2,7-dihydvo-3,4:5,6-dibenzazepinium-1-spiro-1'’-piperidinium Bromide.—A 
solution of the corresponding iodide #* in aqueous alcohol was shaken for $ hr. with an excess 
of freshly prepared silver bromide. Silver halides were filtered off and the filtrate, which was 
iodide-free, was evaporated to dryness under reduced pressure. The residual bromide, 
crystallised thrice from ethanol-ethyl acetate, had m. p. 234—235° (Found: C, 55-2; H, 6-1; 
Br, 19-8; N, 3-4. C,,H,)BrF,N,2H,O requires C, 54-8; H, 5-8; Br, 19-2; N, 3-4%). 

4’,1’’-Dichloro-2,7-dihydro-3,4:5,6-dibenzazepinium-1-spiro-1’"’-piperidinium Bromide —2,2’- 
Dichloro-6,6’-dimethylbipheny]l ?” was obtained by a Sandmeyer reaction on 2,2’-diamino-6,6’- 
dimethylbiphenyl !* [the (—)- and the (+)-form have been similarly prepared by Mislow 7°]. 
It was brominated in carbon tetrachloride solution with N-bromosuccinimide in the presence 
of benzoyl peroxide; the resulting dibromo-compound * (an oil) was dissolved in dry benzene 
and treated with piperidine without further purification. The resulting quaternary compound 
was isolated as the iodide, which crystallised from very dilute alcohol as needles, m. p. 283— 
284° (decomp.) (Found: C, 49-3; H, 4-6; Cl + I, 43-2; N, 3-25. C,,H,9Cl,IN requires C, 49-6; 
H, 4:4; Cl+ I, 43-0; N, 30%). The bromide was prepared from it as described for the 
difluoro-compound and crystallised from ethanol-ethyl acetate with m. p. 287—288° (decomp.) 
(Found: C, 50-5; H, 5-4; Cl+ Br, 32-9; N, 3-5. C,H, BrCl,N,2H,O requires C, 50-8; 


. 


McGinn eé al. obtained the (+)-dibromo-compound from the corresponding diol as a solid, 
m. p. 70—71°. 

11 Bastiansen, Acta Chem. Scand., 1949, 3, 408; 1950, 4, 926. 

12 Bastiansen and Smedvik, Acta Chem. Scand., 1954, 8, 1593. 

18 Littlejohn and Smith, J., 1954, 2552. 

14 Bastiansen and Hassel, Acta Chem. Scand., 1947, 1, 489. 

18 Rieger and Westheimer, J. Amer. Chem. Soc., 1950, 72, 19. 

16 Ahmed and Hall, J., 1958, 3043. 

1” Cf. Angeletti, Atti X Congr. Internaz. Chim., 1938, Vol. III, p. 26. 

18 Kenner and Stubbings, J., 1921, 119, 593. 

1® McGinn, Lazarus, Siegel, Ricci, and Mislow, J. Amer. Chem. Soc., 1958, 80, 476. 
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H, 5-4; Cl + Br, 33-6; N, 3-1%). Fitts, Siegel, and Mislow *° obtained the (—)-bromide 
in an unsolvated form. : 

4’,1’’-Dibromo-2,7-dihydro-3,4:5,6-dibenzazepinium-l-spiro-1’"’-piperidinium Bromide.—2,2’- 
Dibromo-6,6’-dimethylbiphenyl, isolated by steam-distillation, was obtained in 24% yield from 
the diamino-compound (cf. Bell and Dinsmore #!). It was brominated by N-bromosuccinimide, 
and the product was treated with piperidine. The quaternary iodide crystallised from aqueous 
alcohol in needles, m. p. 304—305° (decomp.) (Found: C, 42-1; H, 3-7; Br + I, 51-85; N, 2-3. 
CygHy Br,IN requires C, 41-6; H, 3-7; Br + I, 52-2; N, 2-55%). The bromide, crystallised 
from ethanol-ethyl acetate, had m. p. 272—-273° (decomp.) (Found: C, 42-3; H, 4-8; Br, 44-5. 
C,,H.»Br3;N,2H,O requires C, 42-4; H, 4-5; Br, 44-55%). 

2,7-Dihydro-4’,1’’-di-iodo-3,4:5,6-dibenzazepinium-\-spiro-1'"’-piperidinium Bromide.—2,2’- 
Di-iodo-6,6’-dimethylbiphenyl 2? was brominated by N-bromosuccinimide, and the product 
was treated with piperidine. The quaternary iodide crystallised from aqueous alcohol and 
had m. p. 315—317° (decomp.) (Found: C, 35-3; H, 3-1; I, 59-2; N, 2-4. C, .HyoI,N requires 
C, 35:5; H, 3-1; I, 59-2; N, 2-2%). The bromide had m. p. 300—301° (decomp.) (from 
ethanol-ethyl acetate) (Found: C, 36-5; H, 3-7; Br + I, 52-2. C,H. )BrI,N,2H,O requires 
C, 36-1; H, 3-8; Br + I, 52-8%). 

Diethyl 4’,1’’-Difluoro-3,4:5,6-dibenzocyclohepta-3,5-diene-1,1-dicarboxylate.—2,2’-Bisbromo- 
methyl1-6,6’-difluorobipheny] !* (from 8-7 g. of difluorobitolyl) in ether was added to a solution 
of sodiomalonic ester (made from 1-84 g. of sodium and 6-4 g. of diethyl malonate) with stirring, 
and the mixture was heated under reflux for 1 hr. Most of the ether was distilled off and 
heating continued for another hr. Alcohol was distilled off and water was added to the residue. 
Solid ester separated and recrystallised from ethanol, giving 4-5 g. (30%), m. p. 140—144°. 
After two more crystallisations the m. p. was 146—147° (Found: C, 67-5; H, 5-6. C,,;Ha FO, 
requires C, 67-4; H, 5-4%). 

4’,1’’-Difluoro-3,4:5,6-dibenzocyclohepta-3,5-diene-1-carboxylic Acid.—The above ester was 
hydrolysed with alcoholic potassium hydroxide to the dicarboxylic acid, m. p. 206—207° 
(decomp.) (from aqueous ethanol) (Found: C, 63-8; H, 4:0. C,,H,.F,O, requires C, 64-15; 
H, 3-8%). This was heated in a bath kept at 220°, giving the monocarboxylic acid, m. p. 193° 
(from aqueous alcohol) (Found: C, 69-8; H, 4:7. C,gH,,F,O, requires C, 70-1; H, 4-4%). 


We thank Dr. G. H. Beaven for helpful discussions. We are indebted to the Central 
Research Funds Committee of the University of London for a grant for the purchase of a 
spectrophotometer and to the University of Aligarh for study leave (to S. R. A.). 
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20 Fitts, Siegel, and Mislow, J. Amer. Chem. Soc., 1958, 80, 480. 

*1 Bell and Dinsmore, J., 1950, 3691; see also Angeletti and Migliardi, Gazzetta, 1935, 65, 819. 

*2 Angeletti, Gazzetta, 1933, 68, 145; Bell, J., 1934, 835; Lothrop, J. Amer. Chem. Soc., 1942, 64, 
1698. 


817. The Vibrational Spectrum of Bicyclo|2,2,2|octane. 
By J. J. MACFARLANE and I. G. Ross. 


The infrared and polarized Raman spectra of bicyclo[2,2,2]octane have 
been recorded. The spectra are consistent with those predicted on the 
assumption that the molecular symmetry is D,,, 7.e., that the molecule is 
not twisted about its 3-fold axis. A substantially complete set of funda- 
mental frequencies is proposed, partly based upon, and in reasonable accord 
with, values predicted for the skeletal frequencies by treating the CH and 
CH, groups as mass points and using without change the elastic constants 
proposed by Larnaudie for cyclohexane. 


Bicycio[2,2,2]ocTANE (I) is a saturated bicyclic hydrocarbon, rigid yet unstrained, whose 
high symmetry makes possible an unusually convincing analysis of the vibrational 
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spectrum. The consequent possibility of determining a really convincing force field is of 
far-reaching importance for the spectra of saturated hydrocarbons in 


Pt Sieg general. The Raman spectrum has already been measured by 
CH yh cn.” Kohlrausch e¢ al.,1 and rather tentatively interpreted on the basis 
2 2 


of a severely simplified normal co-ordinate analysis of the skeletal 
(I) aes. te : , oe 
frequencies (Wagner *). The present work comprises further Raman 
measurements (including polarization data), a study of the infrared absorption, a rather 
more comprehensive calculation of the skeletal frequencies, and a reassignment of the 
spectrum. 


TABLE 1. Vibrational species of bicyclo{2,2,2\octane (Dz), model). 


A,’ A,” A, A,” E’ E” Freq. (cm.~!) 
ST, ..encstimanticneseatninredandniis 3 l 2 3 3 < 1300 
EE WOMEN citivreddascvccseesacesses l l - - ca. 2900 
ee ~— - 1 1 ca. 1350 
Cees MN CIO « cesscecesivcsive l — l l l ca. 2950 
EE. GRUGSOR ccccvevcsescces 1 l l 1 ca. 2860 
ee ee l . 1 l l ca. 1450 
MEE shasenarasdiataabiecntaasen l - l 1 l 1150—1350 
WIRED vsebedninvadisavcvesisccss 1 l l l 1150—1350 
ee cttusunidvinisceseddadebiee l l l I 750—1100 
Total 1500 cm." ...... 5 3 2 4 8 8 
Selection rules.* 
Raman ...... p ia ia ia dp dp 
Infrared ...... ia ia ia L ia 


* p: polarized; dp: depolarized; ia: inactive. 


Table 1 summarizes the predicted features of the spectrum. The assumed symmetry 
is D,, though we are also obliged to entertain the possibility that the molecule is slightly 
twisted about its 3-fold axis; such a deformation would reduce the repulsions between 
the hydrogen atoms of adjacent methylene groups, at the expense of straining the C-C 
bond structure. Such twisted conformations (there are right- and left-handed forms) 
have symmetry D,. For point-group D, the distinction in Table 1 between singly and 
doubly primed (e.g., A,’ and A,’’) representations disappears, and the appropriate 
predictions are made by adding the columns of the Table together in pairs. Table 1 then 
indicates, in particular, that for D3, (D,) symmetry there are expected, below 1500 cm.*, 
5 (0) completely inactive fundamentals, 12 (22) fundamentals active in the infrared, and 
21 (25) in the Raman region; of these 8 (16) should be active in both types of spectrum. 


EXPERIMENTAL 

The bicyclo-octane was a synthetic sample, m. p. 168—171°, prepared by Dr. H. M. Walborsky 
and Dr. D. F. Loncrini.* After vacuum-sublimation it formed small, detached, soft, very 
slightly sticky crystals. 

The Raman spectrum, excited with Hg 4358 A radiation (filtered with saturated sodium 
nitrite solution), was recorded with a Hilger photoelectric Raman spectrometer. The spectral 
band-width was 6cm.7?. The error in the frequencies of sharp lines is estimated at +2 cm.7}. 
Measurements were made on 30% solutions (by weight) in carbon tetrachloride and in benzene. 
Polarization measurements were carried out according to the procedures described by Cranmer 
and Werner.‘ 

Our measurements, which are included in Table 2, essentially confirm those of 
Kohlrausch e¢ al.,1 and add the polarization data. Only two bands are definitely polarized, 
but the spectrum is very weak and any of the bands whose intensity is less than 2, on the arbi- 
trary scale used in the Table, could in fact be polarized. 

1 Kohlrausch, Seka, and Tramposch, Ber., 1942, 75, 1385. 

2 Wagner, Z. phys. Chem., 1941, B, 48, 316. 

3 Walborsky and Loncrini, /. Amer. Chem. Soc., 1954, 76, 5396. 

* Cranmer and Werner, Austral. J. Chem., 1957, 10, 87. 
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TABLE 2. 
Raman Infrared 
oo a —_ —— 
Soln. Vapour Mull Solid 
—* — 352vw t 
371(1) = — 384? vw 
—- 522vw 
603(00?) — 610vw 
-— 635vvw — 
672vw 
680w 680w 
7llvw 710vw 
734vw 733vw 
765vvw 
795(10); p 
796m 798m — 
820w 820m --- 
863(4) 8682s tf 869s — 
906vw 905vw 
950vw 950vw 
958(4) 960vw 960vw 
977w . 
9892&m 988m — 
1014(3) 1010w 1003w — 
1050(3) _— 
1093(4) 1102w ~ 
1134w - 
1159(2); p 1163w 
1228(4) 
1244w 1239m -- 
1271°s 1269s 
1299vw — 
13l4vw 
1343(1) 1341m - 
1350(1) 1351m _- 
1438(4) — — 
1443(4) 1464vs — — 


(The following bands, all vw, were observed in the solid only: 
1970, 2005, 2035) 





2485w 2485w 
2545w 
2590m 2580m 
2655s 2650s 
2670w 
2863(4) inne — 
- ‘ 
28752 $vvs — 
2884 
2921vs — 
2934 ) 
29422 5>vvs — 
2950 
2964(3) 
3195m 3190m 
3310m 3305m 
3410m 3415m 


oe a 
Soln. 


797m 
819m 
868s 


988m 


1102w 
1134w 


1236m 
1268s 


1342m 
135lm 
1457vs 
1624, 1677, 
2490w 


2580m 
2655s 


2790m 
2870vvs 


2935vvs 


3200m 
3310m 
3420m 
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Vibrational frequencies of bicyclo[2,2,2\octane (cm.*). 


Assignment 
skel. (E’) 
skel. (E’’) 
skel. (E’’) 
958—352 
1010—371 
? 


skel. (4,’) 
1228—522 
1093—371 
1134—371 
skel. (A,’) 
rock (E’) 
skel. (E’) 
skel. (4,”’) 
1271—371 
1299—352 
rock (4,” or A,’) 
? 
skel. (A,”’) 
skel. (E’) 
skel. (E’’) 
rock (E’’) 
rock or wag 
skel. (4 ,’) 
wag (E”’) 
wag (E’) 
wag (4,”’) 
twist 
twist 
CH def. 
twist (E’ or E’’) 
bend 
bend 


1730, 1772, 1825, 1850, 1955, 


combinations, etc., not con- 
vincingly assignable 

symm. CH, stretch (4 ,’) 

symm. CH, stretch (E’) 

CH stretch (A ,’’) 

asymm. CH, stretch (E’) 


asymm. CH, stretch (E’’) 


* A dash (—) means unobserved for experimental reasons (too intense, interferences by solvents, 


etc.). 


A blank means no band observed in fact. 


+ w = weak, m = medium, s = strong, v = very. 
¢ @ denotes a vapour absorption band with a pronounced Q branch. 


Infrared absorption measurements (Fig. 1) over the range 3900—600 cm."! were carried out 
by using a Perkin-Elmer Model -12C (single-beam) spectrometer with 60° calcium fluoride and 


sodium chloride prisms. 
of several gases and vapours, and also by the method of Downie ef al.5 


The wavelength scale was calibrated against the characteristic bands 


Measurements from 


600 to 250 cm."? were made on a Perkin-Elmer Model 112 (double-pass) instrument, with 60° 
5 Downie, Magoon, Purcell, and Crawford, /. Opt. Soc. Amer., 1953, 48, 941. 
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potassium bromide and 20° cesium bromide prisms, calibrated against the vapour absorption 
bands of water and methanol, and the values given by Plyler * for aromatic hydrocarbons. 
Frequent recalibrations were routine. 

In the vapour phase the 10 cm. heated cell used sufficed to locate only the stronger bands; 
in addition to the usual solution spectra, measurements were made on pressed discs of the solid. 
Such discs were lightly coated with paraffin and enclosed between windows to obviate 
sublimation in the infrared beam. 


Fic. 1. Infrared spectra of bicyclo[2,2,2)octane. 
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600 500 400 300 
Frequency (cm) 
———— Vapour, 10 cm. path, 125°. (1) 0-68 g./l.; (2) 0-025 g./l. 
——-— Paraffin mull (solid). (3) thickness 0-3—0-4 mm.; (4) thin film. 
—-+— Solid. (5) thickness approx. 1 mm.; (6) approx. 3 mm. 
——— Soln., 0-1 mm. path. (7) in CS,, 1-39mM; (8) in CCly, 1-64m; (9) in CCl,, 0-16M. 


Prisms: 3500—2400 (CaF,); 2100—650 (NaCl); 670—450 (KBr); 500—250 cm. (CsBr). 


Table 2 lists the observed frequencies. 

Assignments.—The vibrational spectrum of bicyclo-octane shows relatively few bands in 
the fundamental region, and in particular only about 8 coincidences between Raman and vapour 
or solution infrared frequencies. This happens to be the number predicted on the Dg, model, 
though this is somewhat coincidental in view of experimental uncertainties, in the low-frequency 
region especially. Nevertheless, the comparative simplicity of the spectrum is wholly compat- 
ible with the Dg, (non-twisted) molecular conformation. True, if the twisting were slight, the 
selection rules would be inconsiderably broken down, and the spectral consequences would be 
hard to recognise. The skeletal twisting frequency itself, which would be expected to show 
torsional doubling were the equilibrium conformation D3, is inaccessibly low, inactive in the 
infrared, and presumably excessively weak in the Raman spectra, and no combination tones 
involving it have been identified. Slight twisting, however, would scarcely affect the validity 

® Plyler, Discuss. Faraday Soc., 1950, 9, 100. . 
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of the frequency calculation upon which many of the assignments are based, and we consider 
ourselves justified in proceeding on the basis of the untwisted model. 

In the low-frequency region (< 1500 cm.) only four bands can be immediately identified: 
the three strong bands near 1450 cm.! are undoubtedly CH, bending frequencies, and 
Kohlrausch’s identification of the intense Raman line at 795 cm."! as the skeletal breathing mode 
(A,’) is confirmed by its strong polarization. This band is accidentally coincident with a 
pronounced infrared frequency (vapour: 796 cm.) which we identify with an expected strong 
CH, rocking frequency. Analogous molecules may be cited: cyclohexane in this vicinity has 
only one band (802 cm.*), identified by Larnaudie’ as a skeletal frequency and by Beckett, 
Pitzer, and Spitzer ® as a superposition of skeletal and rocking Sageieie. Mecke and 
Spiesecke ® assign as rocking modes bands at 799 cm. in hexamine and 812 cm.“ in adamantane. 
In quinuclidine,? CH<([CH,°CH,],>-N, and triethylenediamine,!° N<[CH,-*CH,],>-N, these rock- 
ing frequencies are probably at 780 and 775 cm. respectively. 

The remaining bands have to be identified by analogy with other molecules or from the 
results of trial calculations, for no help is available from polarized infrared measurements (the 
crystal structure of bicyclo-octane is unknown, but in any event is probably disordered since 
the molecule is almost spherical), and next to none from band contours. In the latter connection 
we note that the molecule is a symmetric, almost spherical, top (J, = Jy, = 346, Ig = 354 x 
10°*° g. cm.*); equal statistical weights being assumed for all rotational levels (their variation 
is only 2%), Gerhard and Dennison’s formule ! predict that both parallel and perpendicular 
bands should show moderately well-defined Q branches, and a P-—R branch spacing of from 
16 cm.+ (300° k) to 19 cm. (400° k), precisely as observed (Fig. 1). Dr. N. Sheppard has 
pointed out to us that the definition of the Q branch might be expected to be impaired in the 
perpendicular bands because of Coriolis interaction; however, our vapour spectra are rather 
weak and it is difficult to be sure that the bands do in fact fall into two classes with a character- 
istic difference in Q-branch resolution. 


TABLE 3. Calculated skeletal frequencies of bicyclo{2,2,2\octane (cm.*). 


Symmetry A*® B* Obs. Symmetry A* B* Obs. 
My scdvicisercrces 1190 1166 1159 BD dicesinasiwe 1266 981 1010 
785 785 795 1003 847 820 

516 667 680 450 337 352 

Wie asiserccascess 256 ft 204 ft — BD” cssncraddcpnotuacs 1280 1058 1050 
MBE dcedecacduanel 913 936 989 658 535 522 
836 897 868 (371) (371) 371 


* Force constants used in these calculations are specified in the text. Highly uncertain; see 
text. 


Calculations of the frequencies (see Appendix) were restricted to the skeletal modes, and used 
force constants transferred from other alkanes. We quote, in Table 3, the results of two such 
calculations, together with our eventual identifications of the skeletal frequencies. Calculation 
A used an excessively simple force field, rather similar to that of Kohlrausch e¢ a/.; } namely, 
the diagonal force constants f, = f;, fa = fp, fr (cf. notation in Appendix) for stretching. 
bending, and torsion were given the values 4:5, 0-507%gg, 0-137%9g md/A, respectively, and all 
interaction constants were set equal to zero. Calculation B used as far as possible the force 
constants, which include four interaction constants, derived by Larnaudie’ in his complete 
treatment of cyclohexane (in particular, f, = f, = 4-5, f, = fg = 0-557 md/A); additionally 


fr was 0-087r%o, md/A and an interaction constant between adjacent CCC bends at the tertiary 


carbon atoms of 9-28r29g md/A (suggested by Larnaudie’s figures) was also included. The 
values of f, were chosen to fit 371 cm. as the lowest E” frequency; as a result f, is closely 
linked to f,, and the calculated values of the lone 4,” frequency (the molecular twisting mode), 
which is determined solely by f,, are extremely tentative. It is at once clear that the simple 
force field A gives results for the higher skeletal frequencies which are probably much too high, 
and accordingly these predictions were given little weight. The force field which Ramsay and 
Sutherland applied to palpi (it includes a very low value for f,, viz., 3-69 x 105 dynes 

7 Larnaudie, Compt. rend., 1952, 232, 316; J. Phys. Radium, 1954, 15, 365. 

8 Beckett, Pitzer, and Splteen, J. Amer. Chem. Soc., 1947, 69, 2488. 

® Mecke and Spiesecke, Spectrochim. Acta, 1956, 7, 387. 

” Personal communication from Dr. N. Sheppard. 

11 Gerhard and Dennison, Phys. Rev., 1933, 43, 197. 
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cm.~) likewise gave most unlikely results (e.g., 711 cm.~! for the breathing mode) which are not 
reproduced here, nor are various other calculations, designed to explore the sensitivity of the 
frequencies to the assumed elastic constants (of which the two sets of calculated E’ frequencies 
in Table 3 afford ample evidence). Nor, finally did we seriously attempt to adjust the calculated 
frequencies to our final assignments, since we feel such an adjustment would be meaningful 
only when carried out as part of a complete calculation. 

Proceeding again with the assignments, we next identify 868 and 989 cm. as 4,” skeletal 
modes. The evidence is the intensity and contours of the infrared bands. They do not agree 
well with the calculated frequencies, but their separation in the Larnaudie calculation :(B of 
Table 3) is particularly small in comparison with all other calculations. If these assignments 
are correct then the weak Raman line at 863 cm." is either a different vibration, or is to be 
attributed to a breakdown of the isolated molecule selection rules. 

Below 795 cm."! we expect only five skeletal fundamentals, of which one (A,”’) is forbidden and 
is probably inaccessibly low. The other four are hard to identify positively; in particular, we 
are by no means convinced of the authenticity of the 603 cm.-? Raman line [like Kohlrausch et al., 
we mark its intensity as (00?)], and while there is undoubtedly some absorption in the vicinity 
of 370 cm."1, the high dispersion and rapidly varying intensity of the reference spectrum (a 
single-beam instrument was used) make it difficult to be sure that there are really two distinct 
frequencies here; the assignments nevertheless assume this, For the A,’ and the second E” 
frequencies there is little evidence other than the calculations. 

The higher frequencies are fairly straightforwardly assigned and the identifications of the 
skeletal frequencies are uniformly reasonable. The pair of bands at 1343, 1350 cm. should 
include the CH deformation and a CH, twist. The former is a rather obscure frequency in 
most paraffin spectra, and the trio of compounds, bicyclo-octane, quinuclidine, and triethylene- 
diamine, affords a unique opportunity of locating it. Quinuclidine has a Raman line at 1348 
cm.1; triethylenediamine an infrared band at 1354cm.1._ The persistence of a frequency near 
to 1350 cm." throughout this sequence leads us to the assignments 1350 cm. (twist) and 1343 
cm. (CH deformation) in bicyclo-octane. In labelling the remaining CH, frequencies we have 
assumed, with previous authors,”® that wagging frequencies in cyclic alkanes are lower than 
twisting ones, and we have suggested symmetries for these frequencies when the selection rules, 
or a process of elimination, provide reasons. 

Of the bands below 1500 cm.*! which are not regarded as fundamentals, all but two are 
plausibly identified as difference frequencies; the fit in each case is within experimental error. 

In the region of the CH, stretching frequencies there are two distinct absorption regions in 
the infrared vapour spectrum. The symmetric stretching region (~ 2870 cm.) is expected to 
contain two infrared frequencies (A,”’ and E’); however, the observed absorption (maximum 
at 2875 cm.!) appears to be a single band, with P and R branch shoulders at their expected 
spacing of 17cm... An elementary calculation predicts that the E’ frequency should be about 
four times as intense as A,”’ which it presumably submerges. The sole observed Raman line, 
at 2863 cm."1, we take to be A,’, again on intensity grounds. The infrared band in the asym- 
metric stretching region contains a fourth shoulder (2921 cm.™); since only one CH, frequency 
(E’) is expected to be infrared active this shoulder must be the CH stretching mode; the 
expected location of its frequency (2890—2900 cm.) appears to be clear of absorption. The 
single asymmetric Raman mode, being not coincident with the infrared frequency, must be E”’. 
It will be remarked that all these stretching frequencies are some 20—30 cm. higher than in 
cyclohexane and acyclic alkanes. 


DISCUSSION 


It was the aim of the present work to determine a set of assignments for bicyclo-octane 
upon which a more extensive normal co-ordinate analysis might be based. Inasmuch as 
the calculated frequencies (Table 3, col. B) have considerably influenced our assignments, 
it may seem specious to claim that the agreement with experiment (root-mean-square 
deviation over 10 frequencies: 24 cm.~!) is quite good for a completely a priori force field. 
Yet the alternative frequency patterns which most deserve consideration are those in 
which, as Table 3, col. A suggests, the upper limit of the skeletal frequencies is appreciably 
raised (Kohlrausch ef al. assumed this). Such an assignment might begin with the 
identification of the strong 1271 cm. infrared vapour frequency as an E’ skeletal mode. 
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The assignments which we devised on such bases were consistently less satisfactory than 
that proposed here, and, granted the premise that 1159 cm. (A,’) is the highest skeletal 
frequency, there are rather few alternatives for the lower ones. The specific identifications 
of the hydrogen deformation frequencies are, of course, more tentative. 

The prospects of refining the calculation of the molecular frequencies in a complete 
calculation turn out to be reasonably good, since closely spaced pairs of skeletal and hydrogen 
modes of like symmetry are few, so that the values of the interaction constants should not 
be particularly critical. Conversely, however, the possibility of determining these 
constants convincingly is reduced. At the same time it is clearly necessary to modify 
the force field around the tertiary carbon atoms; our procedure of using angle constants 
derived from Larnaudie’s figures for C-CH,-C is distinctly crude. Further changes may 
be entailed by the circumstance that Larnaudie assumed the chair conformation for 
cyclohexane; the cyclohexane rings in bicyclo-octane are locked in the boat form. Con- 
cerning the conformation of bicyclo-octane itself we can only say that the twisting, if any, 
about the 3-fold axis must be slight; the estimates of the torsional force constant (it 
emerges as a small difference between large numbers) and thus of the A,”’ frequency are 
altogether too uncertain to be adduced as evidence in this connection. Thermochemical 
studies !3 have yielded a similarly equivocal conclusion. 


APPENDIX: Calculation of the skeletal frequencies 


The following treatment assumes a simplified model in which the CH and CH, groups are 
treated as mass points, centred at the equilibrium positions of the carbon nuclei. As explained 
in the discussion of the spectral assignments, the D,, molecular configuration is assumed; the 
CCC angles are all tetrahedral and the CC bonds all have their usual lengths (1-54 A). 

Internal displacement co-ordinates are selected as follows (cf. Fig. 2); bond stretches (r, s), 
angle deformations (x, 8), and torsions (+) of the CCCC chains terminating at the tertiary carbon 
atoms. The torsions are positive for displacement in the direction of the arrows in Fig. 2(b). 
It happens that one of the sets of angle deformations, « or 8, is redundant; nevertheless, they 
are included in the algebra in order that elastic constants derived from open-chain alkanes may 
be transferred to the bicyclic molecule. The set of internal co-ordinates thus defined forms a 
basis for a reducible representation of the D,, group with components 44,’ + A,” + 3A,” + 
E’ + E”; one redundancy is located in each of A,’, A,”’, E’ and E”. 

The following symmetry co-ordinates are defined: 


A;’: St (s, + ss + 55) 
OF (7, + 2 + 13 + 14 + 5 + 1%) 
6+ (a, + Ge + & + Os + &@ + Og) 

A”: 3? (t, + te + Ts) 

a. Ot (7, — r2 + 13 — 1g + 1s — We) 
Gt (x, — a, + ay — Oy + as — Oe) 

E’ Gt (2s, — ss — Ss) (1) 
12% (27, + 27, — 75 — % — 15 — 1%) 
12% (— a, — ae + Zag + Lag — as — ar) 

BB: 12% (27, — 27g —73 + % — ¥5 + 1%) 

: 12% (— a, + a, + 2xy — Zag — ag + MH) 

2+ (t; — 7s) 


Only one set of symmetry co-ordinates is specified for the degenerate species E’, E’. Symmetry 
co-ordinates in 8 can be obtained by substituting 8 for r in the four symmetry co-ordinates 
which involve r. . 

Wilson’s FG matrix method ™ is then followed. The factored G matrices, in terms of 


12 Ramsay and Sutherland, Proc. Roy. Soc., 1947, A, 190, 245. 
13 Turner, Meador, and Winkler, ]. Amer. Chem. Soc., 1957, 79, 4116. 
4 Wilson, Decius, and Cross, ‘‘ Molecular Vibrations,’’ McGraw-Hill, New York, 1955. 
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TABLE 4. G matrices of symmetry co-ordinates for the skeletal vibrations of 
bicyclo[2,2,2|octane. 


Species G matrix 

A,’ s [2p 
¥ | 2 w+ p’/3 | 
a L4u/3 —2-2bou’/3 pe + 8n’/3) 

Ay” 7 [3-6bpy’/2] 

y Ru r i. + p’/3 
a | —2-2hpy’/3 P(e + 2/3) 

E’ s [2p 
¥ | “203 w+ 4p’/3 ] 
a L.—2pp/3 4-2boy’/3 p*(5p/2 + 8u’/3) 

E” + [e+ 4y'/3 
a | 2h p*(5u/2 + 8n’/3) | 
7 L—3-2hpy’/3 —3p*(5/4 + p’) p?(25u/4 + 27’/8) 


Matrices are symmetric; upper off-diagonal terms omitted. 


symmetry co-ordinates, are given in Table 4 (u, w’ = reciprocal masses of CH,, CH; p= 
reciprocal of CC bond length). In this Table the elements corresponding to symmetry co- 
ordinates in the angles 8 are not given, since they may be deduced from the following redundancy 
conditions [in which the letters stand for the symmetry co-ordinates, as defined by eqns. (1), of 
the indicated symmetry species]: 


A,’: B+a=0 
4,”: 38 + 4:2t pr + 5a = 0 

5: 48 + 3ps + 2tor = 0 (2) 
=" 368 + 4:24r — 10x — 64 = 0 


The complete quadratic potential in terms of all the chosen co-ordinates (including the 8’s) 
is then written down. This contains 37 constants of which only 22 are independent. If the 
constants in this redundant force field are to be identified with the corresponding constants of 


Fic. 2. Internal valency co-ordinates for displace- 
ments of the carbon skeleton of bicyclo[2,2,2)\octane. 





(2) (4) 


less highly connected molecules, without adding linear terms, it is necessary that in the 
equilibrium configuration of the molecule as a whole each internal co-ordinate should have the 
same value as it would have were the cyclic constraints removed: that is, the molecule should 
be unstrained. Apart from the possible effects of methylene repulsions, this condition appears 
to be satisfied in bicyclo-octane. 

The redundancy equations (2) were then used to eliminate the 8 co-ordinates. The resulting 
F matrices, though straightforwardly derived, are rather lengthy to specify and will therefore 
not be reproduced here. The secular equations were then solved by using F matrices con- 
structed from various sets of internal-co-ordinate force constants. 


We thank Dr. H. M. Walborsky and Dr. D. F. Loncrini, Florida State University, for the 
gift of the material studied; Dr. R. L. Werner of the University of New South Wales, in whose 
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were carried out; and Dr. N. Sheppard, Cambridge, for informative criticism. 
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818. The Reactions of Bromine Atoms with Alkanes and Methyl 
Halides. 


By G. C. Fettis, J. H. Knox, and A. F. TROTMAN-DICKENSON. 


The reactions of bromine atoms with alkanes and with methyl halides 
have been studied by competitive bromination in the gas phase and analysis 
of the products by gas chromatography. Absolute rate constants and 
Arrhenius parameters are given, based on those previously found for attack 
on methyl bromide. The activation energies for hydrogen abstraction are 
probably closely related to the strengths of the C-H bonds broken. The 
A factors predicted by transition-state theory agree well with those found. 
The deviations are similar to those obtained for chlorine- and fluorine-atom 
reactions. 


INVESTIGATORS have studied the hydrogen-abstraction reactions of bromine atoms both 
because of the intrinsic interest of the rate constants and the reaction systems and because 
measurement of the activation energies of the reactions could lead to more accurate values 
for bond-dissociation energies. The first rate constant of a reaction of an atom or radical 
with a molecule to be accurately measured was that of the bromine atom with hydrogen. 
Bodenstein and Lind ! obtained expressions for the rate of disappearance of bromine from 
mixtures with hydrogen by thermal processes. The value of the rate constant for 
reaction (1) derived from their work is shown in Table 1. Their values of the activation 


WaMeeew. f ts tae ee ee 


energy and A factor have been amply confirmed. Kistiakowsky and Van Artsdalen * 
showed that the gas-phase bromination of methane proceeded by the same mechanism 
as the reaction with hydrogen. The currently accepted value for D(CH,-H), the strength 
of the C-H bond in methane, is largely based on their activation energy for the attack 


Or-+ Rives MO +R. tk th se Ot le ee el eS 


on methane (2). The heat of reaction (2) is related to the activation energies of the 
forward (E,) and the reverse (E_,) reaction by the equation: 


AH, = E, — E. 


Since the heats of formation of H, Br, and HBr are accurately known, the value of 
D(CH,-H) can be derived from the equation 


D(CH,-H) = (E, — E.,) + D(H-Br) 


The principal uncertainty is in the value of E_,. Andersen and Van Artsdalen ® also 
deduced D(C,H,;-H) from less detailed studies and measured the activation energy for 
attack of bromine on methyl bromide.2. Van Artsdalen and his collaborators later studied 
the reactions of bromine with neopentane,‘ isobutane,® and toluene. Although the work 
was careful and yielded acceptable values for the bond strengths, the results have been 
suspected because the A factors of the abstraction reactions were very high. Benson 
and Buss ’ explained the discrepancies on the grounds that assumptions made in interpret- 
ing the results were invalid for the more reactive compounds. These necessary assumptions 

1 Bodenstein and Lind, Z. phys. Chem., 1907, 57, 168. 

? Kistiakowski and Van Artsdalen, J. Chem. Phys., 1944, 12, 469. 

* Andersen and Van Artsdalen, J. Chem. Phys., 1944, 12, 479. 

* Schweitzer and Van Artsdalen, J. Chem. Phys., 1951, 19, 1028; Hormats and Van Artsdalen, 
ibid., p. 778. 

5 Eckstein, Scheraga, and Van Artsdalen, J. Chem. Phys., 1954, 22, 28. 

* Swegler, Scheraga, and Van Artsdalen, J. Chem. Phys., 1951, 19, 135; Andersen, Scheraga, and 
Van Artsdalen, ibid., 1953, 21, 1258. 

7 Benson and Buss, J. Chem. Phys., 1958, 28, 301. 
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were that steady-state concentrations of bromine atoms were reached in times short 
compared with the lengths of the runs. They calculated that a steady state was only 
attained for hydrocarbons less reactive than ethane. They also postulated that the 
reactions were partially heterogeneous, but there is no direct evidence for this. 

One reason for adopting a competitive method to study brominations in this investig- 
ation was that no assumption had to be made about the rate at which steady-state con- 
centrations were attained. Two hydrocarbons, R°H and R*H, were mixed in known 


Br, ——> 28r 
ks 


Or-+ RSET HBr ww wt tt th th hl tl el BG 


ks 
ky 
Br + R4H > R¢ + HBr er ee ce ao a a ee 
kg 
R? + Br, —— R°Br + Br a a ae a ae ae 
R* + Br, —— R‘Br + Br (6) 


proportion and then admitted to a reaction vessel containing bromine. Alkyl bromides 
were formed by reactions (3), (4), (5), and (6). Reactions (5) and (6) are fast, so we can 
write, for low percentage consumption of the hydrocarbons: 


halk, = R®Br{R*H]/R*Br[R3H] 


where R°Br is the total amount of the bromide formed. The bromine-atom concentration 
does not appear in this expression; therefore steady-state conditions are unnecessary. 
The rate-constant ratio should also be independent of the molecular bromine and hydro- 
carbon concentrations in agreement with experiment. The back reactions (—3) and (—4) 
were found by previous workers to be sufficiently fast to influence the overall rate of 
bromination of several hydrocarbons. It would be expected that the back reactions should 
influence k,/, less than the overall rate because the effect on the formation of R*Br and R*Br 
would tend to cancel out. Experiment showed that k,/k, could be only slightly altered by 
the addition of far greater quantities of hydrogen bromide than were normally formed in 
the reactions. 

The competitive method yields only relative values of the Arrhenius parameters A,/A, 
and E, — E, when the reactions are investigated over a range of temperature. Con- 
sequently, all values of A, and E, depend upon an absolute determination. All the results 
obtained in this work are related to the rate constants for the bromination of methyl 
bromide. It would have been more satisfactory if the bromination of methane could have 
been used as the standard but the present results with methane were not sufficiently 
reliable to justify this choice. For many purposes it is the relative rates of reaction of 
members of series of compounds that are of greatest interest. The competitive method is 
ideal for such determinations. 

Table 1 lists the Arrhenius parameters and rate constants that have been found. The 
values obtained in this work are for reaction with the indicated hydrogen atoms; as they 
are much the most reactive atoms, the overall rates are very little different. Those values 
that are considered incorrect are placed in parentheses. The errors quoted are the 50%, 
probable errors derived by the method of least squares. 

Two comparisons can be made with results obtained by Anson, Fredricks, and Tedder.® 
They found that &*(n-butane)/k?(n-butane) = 82 and k*(isobutane)/k?(n-butane) = 1640 
at 146°.* Our results give *(n-butane)/k(ethane) = 143 and k*(isobutane)/k(ethane) = 
1820 at 146°. The discrepancy between &*/k? is outside experimental error and it is surpris- 
ing that the values of &*/k? which were found from (k*/k*) . (k*/kP) agree so well. 

* RP, k*, k* relate to reaction at a primary, secondary, or tertiary carbon atom, respectively. Where 
all the carbon atoms of a molecule are identical this suffix is omitted. 

§ Anson, Fredricks, and Tedder, J., 1959, 918. 
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No explanation can be advanced for these observations. It may be noted that 
k*(propane)/k(ethane) = 83 at 146°. Fredricks and Tedder ® also found that attack on a 
hydrogen atom in the 1-position in n-butyl chloride occurred 34 times as fast as attack on 


TABLE 1. Rate constauts, A factors, and activation energies for reactions of type (2). 


log k, (100°) log A, E, 
RH (mole-! cm.3 sec.) (kcal. mole“) Ref. 
DM, eassdcnsccrasiconsesnectccsete 3-36 14-2 18-5 la 
3-43 13-8 17-7 b 
3-48 13-8 17-6 c 
3-28 13-7 17-5 2 
3-27 13-7 17-8 d 
3-32 14-0 18-3 
SRR ihe POR 2-23 13-9 19-9 
MME S ciataetpinceonametmosinte 3-07 13-8 18-3 2 
3-3 14-0 18-3 This work t 
hs ih eceatensisaascnsie<seans == — 13-9 3 
6-05 13-895 + 0-035 13-396 + 0-088 This work 
MEE .e0y0instecsnetecrnanisbaee 7°76 13-712 + 0-069 10-149 + 0-139 This work 
MME = ‘cicvextdinsedctbbecstess 7-23 13-221 + 0-137 10-225 + 0-234 This work 
GEE, { -wesnietsecenlitiounn (10-7) 17-6) (11-7) 5 
8-90 13-303 + 0-112 7-509 + 0-204 This work 
SG ~ Biss secmadsccenss (6-3) (17-0) (18-2) 4 
5-87 14-244 + 0-061 14-289 + 0-132 This work 
CIES chdeceusapnnbwigianen (9-1) (13-5) (7-6) a 
MME .. Cisteosnscancatensae 4-33 * 13-730 * 16-050 * 2 
GHEM “ic vidccvsscctouniagesces 5-15 13-616 + 0-057 14-451 + 0-156 This work 
UG: 4a d detivonysiseddionians 6-8 12-3 9-3 e 


* Taken as standard. { These values are less reliable than those given for other compounds, 

References: a, Bodenstein and Jung, Z. phys. Chem., 1926, 121, 127. 6, Bach, Bonhoeffer, and 
Moelwyn-Hughes, Z. phys. Chem., 1934, B, 27, 71. c, Bodenstein and Liitkemeyer, Z. phys. Chem., 
1924, 114, 208. d, Campbell and Fristrom, Chem. Rev., 1958, 58, 173. e, Sullivan and Davidson, 
J. Chem. Phys., 1949, 17, 176. 


a primary hydrogen in n-butane at 146°. The agreement with our value of k(methyl 
chloride) /k(methane) = 50 for each hydrogen atom is as close as could be expected. 

A Factors of Bromine-atom Reactions.—According to transition-state theory the A 
factor for a bimolecular reaction is given by 


A = e*(kT/h) exp [(AS*, + AS* ot + AS*yin)/R] 
The translational entropy of activation for reaction 
RH + Br == RHBr ——& R + HBr 
is given exactly by 
ASt,, = 1-5R In (M*/M) — 19-02 cal. mole deg.+ 


where M? and M are the molecular weights of RHBr and RH respectively and the standard 
state is 1 mole cm.*. 
The rotational entropy of activation can be obtained from 


AS* ot = 0-5R In (A*BtCt/ABC) 


where AtB*C? and ABC are the products of the principal moments of inertia of RHBr and 
RH. This value is for reaction at a single hydrogen atom of any type; inclusion of the 
symmetry numbers in the expression would yield ASt,,, appropriate to all the hydrogen 
atoms of a given type in the molecule. The ABC values can be evaluated graphically with 
sufficient accuracy by assuming suitable configurations and bond lengths in RH and 
RHBr. C-H and C-C distances have been taken as 1-10 and 1-54 A except for the half- 
order bonds in the complexes, i.e., the bonds >C-H-Br. Following Pauling, we have 


® Fredricks and Tedder, J., 1960, 144. 
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assumed that they are 0-18 A longer than the corresponding single bonds, t.e., C-H = 
1-28 A, H-Br = 1-59 A. All bond angles have been taken as tetrahedral with the exception 
of 7 CHBr which has been taken as 180°. It was found that the results of similar calculations 
for the reactions of chlorine and fluorine atoms depended little on the precise dimensions 
assumed for the complex. The products of the moments of inertia are therefore unlikely 
to be in error by more than a few units %. 

The calculation of the vibrational entropies of activation is much Jess certain. The 
procedure followed is that adopted for the chlorine ! and fluorine atoms." _Briefly,.it was 
assumed that most of the molecular motions of the complex would be the same as those of 
the reactant. Hence they could be disregarded in calculating the change of vibrational 
entropy. Only those vibrations most intimately associated with the site of the reaction 
should be greatly altered. The alteration will be similar for the members of a series such 
as the paraffins. It has been assumed that the only new vibrations that have to 
be considered are the symmetrical stretching and double degenerate bending of the R-H-Br 
bond. The stretching of the C-H bond that becomes the reaction co-ordinate makes a 
negligible contribution to the initial vibrational entropy. This simplification might 
introduce an error into the absolute values calculated for the A factors but should have 
little effect on the accuracy of the relative A factors calculated for different members of a 
series. The frequencies of the bending motion of the R-H-Br bonds were calculated in 
the same way as those for fluorine atoms, the same force constant being assumed. This 
is a straightforward application of classical mechanics; the frequency is simply a function 
of the masses of R, H, and Br and the internuclear distances. The force constants selected 
were those derived by Pitzer 1 to equate the calculated and experimental A factors for the 
reaction Cl + H, = HCl1+H. The calculations are summarized in Table 2, and the 
results for log (Aexp./Acaic.) for bromine atoms are compared with the equivalent quantities 
for chlorine and fluorine atom reactions. ‘ 

The absolute rate constant for the reaction of chlorine atoms with hydrogen was deter- 
mined between 25° and 700°. Pitzer’s calculations refer to the mid-temperature of this 
range. The discrepancy in Table 2 between the calculated and experimental values for the 


TABLE 2. A Factors for bromine-, chlorine-, and fluorine-atom reactions. 
Br 





_—— iieesdecioleibstiniipeial 7 ‘ inemsacettiti Cl F 
Bond type ASty log A log A Aexp. A xp A exp. 
RH 419-02 — AStrot ASty, — (calc.) a) *7, “7, “7. 
ee 11-05 6-85 ll 13-66 13-90 +0-24 +0-23 +0-54* 
GEA. ciccseass 5-34 7-06 7-2 13-78 13-42 — 0-36 — 0-68 -+0-29 * 
Primary C—H bonds 
a 3°86 5°50 9-0 13-53 13-12 —0-41 —0-10 0-00 t¢ 
neo-C,Hy,, ... 2-22 3-34 11-3 13-20 13-17 + 0-03 +0-31 +90-06 
Secondary C-H bonds 
Cale acesosses 3-08 4-90 9-0 13-23 13-41 +0-18 +0-52 —0-03 
n-C,Hi,, ...... 2-58 4-05 10-5 13-26 13-62 +0-36 + 0-50 + 0-08 
Tertiary C-H bonds 
iso-C,H,, ... 2-58 3-66 10-5 13-18 13-30 +0-12 +0-41 +0-15 
Halides 
> er 2-83 6-61 10-3 13-82 13-14 — 0-68 —0-29 _- 
GR asasas 1-83 6-90 11-6 13-95 13-25 —0-70 ~~ — 
S in cal. mole! deg.-'; A in mole“! cm.? sec.~!. 


* The figure in ref. 11 is incorrect. + Assumed, see ref. 11. 


reaction arises because the calculated value here was for 25°. No rate constant of a 
fluorine-atom reaction has been measured absolutely. The values in Table 2 are based on 
the assumption that the calculated and experimental A factors for ethane are equal. 
No adjustable parameters were involved in the calculations of the A factors for the 
1 Knox and Nelson, Trans. Faraday Soc., 1959, 55, 937. 


1 Fettis, Knox, and Trotman-Dickenson, /J., 1960, 1064. 
12 Pitzer, J. Amer. Chem. Soc., 1957, 79, 1804. 
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bromine atoms. The good agreement with the experimental values is therefore most 
satisfactory. Wilson and Johnston” calculated a similar value for the reaction of 
hydrogen (log A,aic. = 14-1) but a rather lower value for isobutane (12-4). The smallness 
of log (Aexp./Acarc.) for the reactions is a strong argument that the experimental values 
obtained in this work are approximately correct and that those previously reported for the 
higher hydrocarbons are wrong. 

The probable errors for the log A,x,, derived by the method of least squares are lower 
than those usually found in kinetic studies. Nevertheless, little significance can be attached 
to the fourth significant figure, and there must frequently be an error in the third figure 
even if relative values only are considered. The parallelism, shown in the Figure, between 
the values of log (A.x,./Acaic.) for the three series of halogen-atom reactions is more marked 
than could resonably have been expected. Two features that were noted for chlorine and 
fluorine are again found for bromine, viz.: (1) There is a fall in log (Aexp./Acatc.) from 
hydrogen to ethane followed by a slight rise as the hydrocarbons become more complex. 


log Aexp./Acatc. for the reactions of bromine, chlorine, and fluorine atoms with hydrocarbons. 
0-8 
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(2) The values of log (Aexp./Acaic.) are slightly higher for attack on a hydrogen atom 
attached to a secondary than to a primary carbon atom. It was suggested that these 
features could be attributed to the part played by alterations in the frequencies of the 
chain deformations that were ignored in the calculations. The bromine results support 
this conclusion. The fact that the bromine results resemble those for chlorine more closely 
than those for fluorine was also expected. It is therefore reasonable to suppose that a 
coherent theory could be developed that would reduce the size of log (Agxp./Acatc.) and 
that their present sizes are not solely determined by experimental error. 

Activation Energies of Bromine-atom Reactions.—The activation energies found for the 
attack of bromine atoms on the hydrocarbons are close to those that might have been 
expected, for the activation energies for the abstraction reactions of all the more selective 
radicals are in the order methyl > primary > secondary > tertiary.4 The value of E, 
for neopentane is perhaps high but it lies within the limits of the experimental error of 
most work with other radicals. _ The strengths of the C-H bonds cannot be directly deduced 
until the activation energies of the back reactions, E_,, have been measured. Some inform- 
ation can be derived if the Polanyi relation E = «AH + c, where c isa constant, is accepted. 


18 Wilson and Johnston, J]. Amer. Chem. Soc., 1957, 79, 29. 
44 Shaw and Trotman-Dickenson, unpublished work. 
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The difference in AH for the reactions of methyl and t-butyl is equal to D(Me—H) — 
D(But-H) = 12-5 kcal. mole™.*! This figure is derived from electron-impact measure- 
ments and may be in error by 2 or 3kcal. mole*. Hence « lies between 0-72 and 1 (« cannot 
be greater than unity) with a most probable value of 0-86. This value has been used to 
obtain the intermediate values of D(R-H) shown in Table 3. The bond strengths are very 


TABLE 3. D(R-H) for alkanes and Arrhenius parameters for the reaction of alkyl 
radicals with hydrogen bromide. 


Alkyl S E_, log A_, D(R-H) Alkyl Ss E., log A_, D(R-H) 
Methyl ...... 47-2 1-8 12-2 102-5* Isopropyl ... 65-9 (3-1) 12-2 93-1 
BYE .ccccosee 58-5 (2-5) 11-9 96-9 s-Butyl ...... 76-8 (3-1) 12-4 93-2 
Neopentyl ... 78-2 (2-4) 12-0 97-9 t-Butyl ...... 70-4 t (3-6) 12-1 90-0 


S is in cal mole“ deg.-', D and E in kcal. mole“, and A_, in mole cm.? sec.~!. 
* Long, Proc. Roy. Soc., 1949, 198, 62. + Benson and Buss’? recommend 79-5 cal. mole! deg.-}, 
which seems much too high. 
reasonable and agree well with those obtained by electron impact. On the other hand, the 
Polanyi relation has not been clearly established for any series of reactions, largely because 
of the lack of an adequate knowledge of bond strengths. It would be expected that the 
relation would hold best when « is high, as in the present instance. At the moment the 
use of the relation should be regarded as no more than a plausible method of interpolation. 
E_, for methyl radicals has been estimated kinetically on a rather dubious basis. E_, 
for the other radicals has been deduced from EF, and AH, and is given in parentheses in 
col. 3 of Table 3. Values of A_, have also been calculated from A, and AS, on the as- 
sumption that the entropies of the radicals are as listed in col. 2. The entropies have 
been derived from those of the parent hydrocarbon; 1-4 cal. mole deg. have been added 
to allow for the electron degeneracy, and the symmetry numbers have been calculated on 
the assumption that the bonds from the carbon atom carrying the free electron are coplanar. 
Free rotation may occur slightly more readily in some of the radicals than in the parent 
molecules, hence the entropies may be slightly underestimated. Direct experimental 
evidence on reaction (—2) is clearly needed. 


EXPERIMENTAL 


Apparatus.—The apparatus was of Pyrex glass. Stopcocks were lubricated with Silicone 
grease. The reaction vessel (92 c.c.) was contained in a vapour-jacket that could be kept at 
suitable temperatures by filling it with different liquids. The temperature was measured with a 
thermocouple that had been calibrated against standard thermometers, placed in a well down 
the centre of the reaction vessel. The reaction vessel was joined by capillary tubing to the rest 
of the apparatus through a three-way stopcock. The hydrocarbons were generally measured in 
quantities sufficient for a series of runs into a 500 c.c. spherical mixing vessel that had a cold 
finger to contain liquid oxygen let into it. Small quantities were mixed in a toroidal trap with 
a flame applied to one side to induce convection. This trap was also used for degassing and 
remixing the hydrocarbons before each run. The stopcock on the reaction vessel separated 
the hydrocarbon dosage and storage system, from the bromine storage and the analysis system. 
Pressures in the former were measured by a mercury manometer. 

The detector for the chromatography system was a katharometer made from a brass block 
with coiled tungsten filaments. Hydrogen was the carrier gas. 

Procedure—Known amounts of hydrocarbons were mixed with the less reactive hydro- 
carbon in considerable excess. Bromine was admitted into the reaction vessel up to a pressure 
determined by the temperature of the storage vessel. The pressure was 4 cm. (0°) for most 
runs. The hydrocarbon mixture was then expanded into the reaction vessel. The vapour- 
bath was painted black except for a window fitted with a shutter. Slow reactions were 
accelerated by illumination with a 125 w mercury arc. At the end of the reaction, the products 
were frozen into the injection trap of the chromatography system. The products were then 
injected into the column through a short tube of 30% NN-dimethyl-p-toluidine on 52/72 mesh 
firebrick or a mixture of anor Ug anenataee etn one amnees with dinony] phthalate on fire- 
brick which absorbed the bromine. 
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Materials.—The rate-constant ratios were very sensitive to impurities in the bromine which 
was stored for several weeks over potassium bromide. Small samples were distilled from 
potassium bromide and phosphoric oxide with rejection of head and tail fractions. They were 
degassed many times by distillation under a high vacuum into traps cooled with liquid oxygen. 

The methane generally contained some impurities which made it difficult to obtain 
reproducible results. B.O.G. methane passed over heated copper and subsequently degassed 
was unsatisfactory. Some satisfactory work was done with methane obtained from the National 
Chemical Laboratory, Teddington, but only a limited supply was available. Prebromination of 
the methane in the presence of ethane partially removed the impurity. Manganese dioxide that 
had been reduced by hydrogen at 300° was a more convenient and equally effective reagent 
for removing the impurity. The purifications were followed by several trap-to-trap distillations 
(— 183° to —210°) under a high vacuum. The nature of the more successful methods of purific- 
ation indicates that the impurity is probably oxygen and that it is very difficult to remove it 
completely. Ethylene was removed from B.O.G. ethane with an absorbent. Propane was an 
N.C.L. sample. n-Butane and isobutane were given by the British Petroleum Co.; the latter 
contained 0-3% of propane. The neopentane (Phillips Petroleum pure grade) contained 1% of 
isobutane that was removed by bromination of the mixture for 10 min. in diffused sunlight. 
The product was distilled from a trap at —80° through tubes of potassium hydroxide and 
Anhydrone. The residual bromine was removed by passage through a tube filled with NN-di- 
ethyl-p-toluidine supported on three times its weight of firebrick. The methyl chloride (B.O.G.) 
and methyl bromide (B.D.H.) were degassed. All gases were dried (P,O;). 


RESULTS 


Calibrations.—The relative sensitivity of the katharometer to the products was determined 
by measurements on known mixtures of selected pairs of bromides. The sensitivities found 
(relative to ethyl bromide) were as follows: EtBr, 1; CH,ClBr, 0-98; MeBr, 1-08; CH,Br,, 
1:11; Pr'Br, 1-02; Bu*Br, 1-02; Bu'Br, 1-10. Neopentyl bromide was assumed to have the 
same sensitivity as Bu'Br. 

The reaction systems are described in the order in which they were studied. 

n-Butane—Isobutane.—Between —6° and 98° the only measurable products were t- and 
s-butyl bromide. They were separated on a 50 cm. column of 25% dimethyl phthalate—Celite 
(80—100 mesh). Details of the conditions and results are given in Table 4, which shows that 
the relative rate constants are independent of the proportions of the reactants, their total 
pressure, the amount of bromine, and the presence of added hydrogen bromide. Tests showed 
that no bromination occurred in the chromatography system and that the products did not 
decompose. A least-squares treatment gave 


k*(isobutane) /k$(n-butane) = (0-132 + 0-009) exp (2716 + 30/RT) 


Propane—Isobutane.—In 27 runs between 34° and 148°, the only measurable products were 
isopropyl and t-butyl bromide. They were separated on a 60 cm. column of 25% dimethyl 
phthalate—Celite. The total pressure of hydrocarbon was 6-6 cm. in most runs with propane/iso- 
butane = 3-45. Variation of hydrocarbon pressure between 4 and 8 cm. and of the proportion 
between 2 and 4 did not affect the results; nor did the addition of hydrogen bromide. 


k*(isobutane)/k*(propane) = (0-418 + 0-04) exp (2640 + 65/RT) 


Propane—Ethane.—In 32 runs between 12-5° and 145°, the only measurable products were 
isopropyl and ethyl bromide which were separated on the column used in the previous experi- 
ment. The total pressure of hydrocarbon was 7-6 cm. in most runs, with ethane/propane = 4-9. 
Variation of hydrocarbon pressure from 5 to 8-4 cm., of the proportion from 4-9 to 1-43, and of 
the bromine pressure from 3-4 to 15 cm. had no effect. As the proportion of propane was 
normally small, the extent of the reaction was kept low to restrict its relative depletion. The 
addition of 20 times the normal,amount of hydrogen bromide formed had only a very small 
effect. 

k§(propane)/k(ethane) = (0-669 + 0-053) exp (3247 + 51/RT) 


Methyl Bromide—Ethane.—In 23 runs between 58-5° and 199°, the only measurable products 
were methylene dibromide and ethyl bromide, These were passed through 150 cm. of 25% dinonyl 
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TABLE 4. Results of isobutane—n-butane bromination. 


Hydrocarbon press (cm.) Peak areas (units) kt (isobutane) 

Temp. n-Butane Isobutane ButBr Bu‘Br k* (n-butane) 
—11-5° 4-73 1-88 9-48 1-00 23-93 
- ss ra 12-30 1-12 27-60 
oe ee ee 8-36 0-82 25-84 
9 - 9 8-59 0-86 25-12 
—6-0 fe am 11-73 1-29 22-89 
a jo a 10-33 1-28 20-30 
11-38 5-29 1-51 6-20 1-40 15-58 
- 4:10 2-72 10-30 0-95 16-35 
- 5-80 2-31 5-36 0-86 15-65 
- 3-00 1-20 5-34 0-77 16-94 
pe 4-73 1-88 9-03 1-38 16-46 
ee oe its 5-57 0-88 15-92 
di - - 11-25 1-67 16-95 
- es - 6-04 0-96 15-83 
35-0 5-19 2-07 7-68 1-81 10-63 
pa 3-82 1-52 3-05 0-69 11-09 
li 3-26 1-30 2-11 0-49 10-80 
a * 4-73 1-88 3-03 0-68 11-16 
pei @ 3-51 1-40 16-04 3-61 11-14 
58-3 4-73 1-88 6-04 1-73 8-78 
te be ‘a 3-14 0-98 7-96 
ve bi * 2:77 0-79 8-83 
os se ia 5-21 1-65 7:94 
+ “ ‘a 9-08 3-02 7-56 
98-0 om sa 5-08 2-29 5-58 
- os - 1-86 0-93 5-03 
es ee 3-17 1-46 5-45 
i “i is 1-60 0-77 5-23 
pe a “ 1-29 0-61 5-32 
= - *s 2-52 1-13 5-61 


* Bromine pressure = 15cm. * Bromine pressure = 3-4.cm. Bromine pressure for all other runs 
= 6cm. * 3 mm. HBr also present, 


phthalate—Celite (70°) and on to 50 cm. of 25% dimethyl phthalate—Celite (25°). When the 
ethyl bromide was eluted the second column was by-passed, and the methylene bromide carried 
through a column of glass beads that maintained the flow of carrier gas constant. The pressure 
of reactants was between 6 and 9 cm., and the methyl bromide/ethane ratio between 2-1 and 
4-3. Variation of the bromine pressure between 3-4 and 15 cm. had no effect. Previous work 
had shown that hydrogen bromide had no effect on these reactants separately. 


k(ethane) /k(methyl bromide) = (1-364 + 0-050) exp (2654 + 88/RT) 


Neopentane—Ethane.—In 23 runs between 57° and 200°, the only products were ethyl 
bromide and a compound with an elution time appropriate to neopentyl bromide. They were 
separated on a 60 cm. column of 25% dimethyl phthalate—Celite (20°). Hydrocarbon pressures 
were between 4 and 8 cm., with ethane/neopentane between 1-5 and 0-67. The bromine pressure 
was between 3-4 and 15 cm. 


k(neopentane)k(ethane) = (2-235 + 0-117) exp (—893 + 44/RT) 


Methyl Chloride—Ethane.—In 26 runs between 58-5° and 200° the only measurable products 
were ethyl bromide and bromochloromethane. The column was 60 cm. of 25% dimethyl 
phthalate-Celite (20°). Total reactant pressure was 4—8 cm., methyl chloride/ethane = 
2-9—1, and bromine pressure 3-4—15 cm. Addition of more hydrogen bromide than was 
formed in a normal run did not affect the rate constants. 


k(ethane)/k(methyl chloride) = (1-897 + 0-109) exp (1055 + 68/RT) 


Methane—Methyl Chloride.—23 Runs were carried out between 204° and 341°. The products 
were analysed on a 150 cm. column of 25% diethyl phthalate—Celite (37°). Most of the runs 
were done with a total reactant pressure of about 7-6 cm., made up in the proportions 
MeCl1 : CH, : C,H, of 1-3: 5:0-7. The addition of the ethane greatly improved the reproducibility 
and yield of the C, products, presumably betause the ethyl radicals formed reacted with the 
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impurities. Total pressure was varied between 5 and 10 cm., CH,Cl/CH, between 2 and 5, and 
ethane between 0-3 and 2cm. The bromine pressure was kept at about 10cm. Many runs 
were wasted because the precautions taken to eliminate impurities were insufficient. The 
amounts of products found were then small, and the ratio of rate constants was low. The 
scatter of the points obtained when reasonable quantities of products were formed was not 
excessive. From the mean points at each temperature we found 


k(methyl chloride)/k(methane) = 0-36 exp (3800/RT) 


We thank Imperial Chemical Industries Limited, General Chemicals Division, for a grant. 
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819. Solvolysis and Hydrogen Exchange of t-Butyl Chloride in 
Formic Acid. 
By J. S. CoE and V. Gotp. 


The solvolysis of t-butyl chloride in tritiated 90% formic acid occurs 
without the formation of C-T bonds in the alcoholic product up to the time 
at which equilibrium is established. As carbonium ions are known to 
participate in this reaction, the results disprove the validity of a criterion 
for carbonium-ion formation proposed recently. The occurrence of tritium 
exchange can be detected after reaction times greatly in excess of the half-life 
of the solvolysis. 


UsinG deuterium-enriched acids, Kursanov, Setkina, e¢ al. have shown recently !* that 
extensive exchange of «-hydrogen atoms occurs during the reaction of t-alkyl halides with 
concentrated hydrochloric acid, formic acid, or hydriodic acid. In acetic acid the extent 
of exchange was much smaller than in formic acid. No exchange was observed on treating 
isopropyl iodide or ethyl iodide with 56°% hydriodic acid, or on treating n-butyl chloride 
with concentrated hydrochloric acid. The authors note that the observation of exchange 
appears to coincide with conditions favouring the intermediate formation of carbonium 
ions in the reaction. Accordingly, they suggest that carbonium ions undergo rapid hydrogen 
exchange with the media employed in their experiments, and that the occurrence of 
hydrogen isotope exchange may therefore be used as a criterion for the formation of 
carbonium ions during the course of a reaction. Conversely, Kursanov and Setkina 2 
conclude from their observation of negligible hydrogen exchange between t-butyl alcohol 
and concentrated hydrochloric acid (except after long periods) that carbonium ions do 
not intervene in the reaction between these compounds. 

The general validity of Kursanov and Setkina’s suggestion is immediately questionable, 
for several reactions are known ** for which a carbonium-ion mechanism is accepted and 
in which hydrogen exchange does not occur, even when these processes involve hydrogen 
shifts. However, on existing experimental evidence it seemed difficult to dismiss these 
ideas in relation to aliphatic carbonium ions, particularly the t-butyl cation, concerning 
which Otvos e¢ al.® drew very similar conclusions (see also Stewart and Harman ™). On 

2 Kursanov, Setkina, Parnes, and Bykova, Trudy Vsesoyuz. Nauch.-Tekh. Konf. Primenen. Radio- 
aktiv i Stabil. Izotopov i Izluchenti v Narod. Khoz. i Nauke. Izotopy i Izluchen. v Khim., 1957, 13. (Chem. 
Abs., 1959, 58, 19,5380.) 

Setkina and Kursanov, Doklady Akad. Nauk S.S.S.R., 1958, 120, 801. 
Setkina, Kursanov, and Bykova, Jzvest. Akad. Nauk S.S.S.R., 1959, 758. 
Kursanov, Bykova, and Setkina, Jzvest. Akad. Nauk S.S.S.R., 1959, 2007. 
Prelog, Experientia, Suppl. VII, 1957, 261. 

Collins, Rainey, Smith, and Kaye, J. Amer. Chem. Soc., 1959, 81, 460. 
Smith, Bowman, and Kmet, J. Amer. Chem. Soc., 1959, 81, 997. 

Cram and Tadanier, J. Amer. Chem. Soc., 1959, 81, 2737. 


Otvos, Stevenson, Wagner, and Beeck, J. Amer. Chem. Soc., 1951, 73, 5741. 
Stewart and Harman, J. Amer. Chem. Soc., 1946, 68, 1135. 
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the other hand, it has previously been pointed out " that there are theoretical difficulties 
in accepting the occurrence of rapid exchange in carbonium ions. 

For these reasons we have now re-investigated the question whether hydrogen exchange 
between t-butyl cations and an acidic solvent is rapid. It seemed to us that Kursanov 
and Setkina’s results concerning the occurrence of exchange during the solvolysis of 
t-alkyl halides in formic acid were open to the objections that the systems used were 
heterogeneous and that the contact times before isotope analysis were probably much 
longer than the time required for the attainment of solvolysis equilibrium. 

Our results relate to reactions of t-butyl chloride in 90% formic acid, at 25°. Bateman 
and Hughes ! had made a thorough study of the solvolysis under very similar conditions 
(at 15°) and it is well established that the mechanism involves the formation of t-butyl 
cations. The results of our brief experiments (Table 1) confirm that the reaction at 25° 
is of the type 


ky 
i“ B+C 


and, in conjunction with those of Bateman and Hughes (fk, = 2-12 x 10? min.? at 15°), 
lead to a reasonable value for the activation energy of the ionisation step (cf. Ross and 
Labes 8). [The values of k, were calculated from the integrated equation for the rate 
of a first-order reaction with second-order reversal, 7.¢., 


cae hy JS SE — So) 
= aa —.)™ { a(x. — x) } 
where a is the initial concentration of t-butyl chloride and x and x,, are the concentrations 


after ¢ min. and infinite time respectively. ] 


TABLE 1. Solvolysis of t-butyl chloride in 90°, formic acid at 25° +. 0-02°. 
% Reaction 100k E 


Expt. [t-BuCl], at equilibrium (min.-') Mean (kcal.) 
1 0-157 85-4 8-23 ‘ 94.5 
2 0-160 85-3 g17 5 820 7“ 


TABLE 2. Hydrogen-exchange experiments. 
(Activity of medium in each case = 0-046 curie/g.-atom of exchangeable hydrogen. 
Samples taken for radioactivity 


estimation 
Expt. Temp. {t-BuCl), time % reaction n* 
3 25° 0-175 12 min. 60-6 0 
130 min. 85-2 0-06 
4 18—20 0-173 19 days 84-7 2-9 
20 days 75-2 t 3-1 
5 18—20 0-169 39 days 84-2 3-8 


* n = the number of C-H bonds involved in exchange per molecule of t-BuOH. As the unchanged 
t-butyl chloride in the mixture was not separated from the t-butyl alcohol before treatment with 
40% sodium hydroxide (see Experimental section), values in this column were calculated on the 
assumptions that the molar radioactivities of the chloride and alcohol were equal and that the remain- 
ing t-butyl chloride would be hydrolysed during the treatment with sodium hydroxide. 

+ After 7 days, part of the mixture from experiment 4 was mixed with a known amount of t-butyl 
alcohol and stored for a further 13 days before estimation of the tritium content of the alcohol. The 
experimental value 75-2% gives the chloride-ion concentration in the new equilibrium mixture as a 
percentage of the initial t-butyl chloride concentration. The calculated value for this percentage 
(using a mean “ equilibrium constant ”’ calculated from the results given in Tables 1 and 2) is 73-3. 


The results of Expt. 3 in Table 2 show that hydrogen exchange between reagents and 
medium does not occur during the solvolysis of t-butyl chloride, at least up to the time 
1 Gold and Satchell, Quart. Rev., 1955, 9, 51. 


12 Bateman and Hughes, J., 1937, 1187; 1940, 935. 
13 Ross and Labes, J. Amer. Chem. Soc., 1959, 79, 4155. 
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at which the equilibrium t-BuCl + H,O = t-BuOH + HCI is established. The result 
disproves the conclusion reached by Kursanov and Setkina. t-Butyl cations do not 
undergo rapid hydrogen exchange with the medium, and the presence or absence of 
hydrogen exchange cannot therefore be used as a mechanistic criterion in the sense suggested 
by these authors. 

It is not impossible, on the evidence considered, that the slow exchange of C-H bonds 
which continues after chemical equilibrium is set up (Table 2) might be due to a slow ex- 
change between t-butyl cations and the medium. Alternatively, the exchange might 
involve formation of olefin and re-addition of acid. 

Although the presence of olefin was not detected by Bateman and Hughes ® during 
the solvolysis of t-butyl chloride in 90% formic acid, it seems possible that olefin may be 
formed in a very slow reaction, thus leading to equilibria of the type: 


H,O 
t-BuC] === t-But === t-BuOH 


"sal 


isobutene 





This would account for the slow accumulation of C-T bonds in the alcohol, and similar 
schemes might also explain the results of Kursanov and Setkina. By analogy with the 
case of n-propyl halides (where exchange is not found under conditions which favour the 
intermediate formation of carbonium ions but inhibit the addition to olefin ™) the second 
alternative seems to be the more likely explanation of the exchange reaction. The direct 
interconversion of alkyl halide, alcohol, and olefin (without intermediate formation of a 
carbonium ion) may be unlikely in the present example, but would provide an additional 
route for the formation of C-T bonds in the alcohol. This exchange mechanism could 
clearly operate even in systems in which carbonium ions are not formed. 


EXPERIMENTAL 


Materials.—Formic acid (A.R., 98—100%) was fractionated through a heated column 
(50 x 2-5 cm.) packed with glass helices; it had b. p. 100-2—100-5°/771 mm., f. p. 8-2°. 90% 
Formic acid was prepared by diluting a quantity of water (or tritiated water) to ten times its 
volume with formic acid in a volumetric flask. 

t-Butyl chloride (B.D.H. reagent) was dried (CaCl,) and distilled; it had b. p. 50-2— 
50-5°/754 mm. 

t-Butyl alcohol was stored over quicklime for several days and distilled; it had b. p. 
82-5°/762 mm., f. p. 25-5°. 

Tritiated water samples in sealed ampoules (0-200 curie/ml., from the Radiochemical Centre) 
were diluted as required. 

Kinetic Measurements.—Samples of t-butyl chloride were sealed in thin-walled glass tubes 
and crushed under 90% formic acid at 25°. The reaction was followed by estimating the chloride- 
ion concentration, Bateman and Hughes’s method ! being used. 

Radioactivity Measurements.—In a typical experiment a 5-ml. sample of reaction mixture 
was diluted with 75 ml. of t-butyl alcohol and ca. 20 ml. of water. The mixture was shaken 
with a slight excess of solid sodium chloride, and the lower layer discarded. The upper 
(alcoholic) layer was then shaken successively with ten 100-ml. quantities of aqueous sodium 
hydroxide (‘‘ 40%,”’ i.e., 40.g. NaOH in 100 ml. water). 

In order to show that this procedure resulted in removal of all hydroxylic and carboxylic 
tritium, samples of the alcoholic layer, after the 9th and 10th extractions with 40% sodium 
hydroxide, were diluted with ethyl alcohol and the tritium content was estimated by the 
counting procedure described below. In each case no significant change in tritium content 
resulted from the 10th extraction. The alcoholic layer was then set aside over quicklime, 
refluxed, and distilled. In all cases the b. p. of the distillate was in the range 81-6—82-0°, and 
the f. p. above 23-6°. A weighed sample of the distillate was then diluted to a known volume 
with ethyl alcohol to give a solution of convenient activity for counting. 


™ Coe and Gold, J., in the press. 
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Counting Procedure.—Radioactivity measurements were made by using a liquid scintillation 
counter (Ekco N612) at —20° with a 0-3% solution of 2,5-diphenyloxazole in AnalaR toluene 
as scintillator. Stock solutions were prepared from equal volumes of scintillator solution and 
AnalaR ethyl] alcohol together with either (a) inactive water, or (b) an equal volume of tritiated 
water. The activity of the active stock solution (6) was chosen to be comparable with that of 
the sample under investigation. Aliquot parts of the latter were mixed (in Pyrex cells) with 
equal amounts of stock solutions (a) and (b) respectively, and the counting rate recorded after 
20 min. in the dark at —20°. After subtraction of the background count [obtained by using 
stock solution (a) alone] the ratio of values obtained (‘‘ count ratio ’’) gives the factor by which 
the activity of the sample differs from that of stock solution (b). The reproducibility of this 
procedure was tested by using solutions of known activity derived from tritiated water and 
t-butyl, isopropyl, or ethyl alcohol. 


Count ratio. 
eee 0-513 0-509 0-473 0-504 2-63 
_ —— —E —— —— | 
| cathicatniemiaadan 0-500 2-50 
KinG’s COLLEGE (UNIVERSITY OF LONDON), LonpoNn, W.C.2. [Received, May 19th, 1960.] 


820. Some Physicochemical Properties of Large Aromatic 
Molecules. 


By N. Parkyns and A. R. UBBELOHDE. 


Isoviolanthrene (I) and isoviolanthrone (II) have been studied with the 
object of devising procedures for preparing these and similar substances very 
pure, in order to characterise their physicochemical properties accurately. 
Properties investigated include the solubilities in various strong acids, and 
ultraviolet spectra of solutions in acids of various degrees of dilution. 
Electrical conductivities of the compressed powdered solids have also been 
measured, to characterise their activation energies as semiconductors; 
values characteristic of the pure substances can only be obtained by very 
careful treatment, since this property appears to be sensitive to the presence 
of small amounts of related molecules. 

Preliminary observations are recorded on the formation of a new deriv- 
ative from isoviolanthrene in sulphuric acid. 


Quite large polynuclear aromatic molecules are familiar to organic chemists. However, 
they are very difficult to prepare very pure by conventional methods. Most sublime before 
they melt at atmospheric pressure, although, with these large molecules, even when the 
molecular weight is still sufficiently low to permit the use of sublimation at temperatures 
well below the region where charring of the solid occurs, related impurities often fit into 
the crystal structure in ways that make ordinary methods of separation ineffective. There 
are few solvents with boiling point above about 220—250° and in which these large 
molecules are sufficiently soluble to permit utilisation of differential solubilities of impurities. 
Interest in certain physicochemical characteristics of such polynuclear aromatic systems 
has recently grown rapidly.-* Methods of rigorous purification are essential. For 
example, many of these substances behave as semiconductors whose observed con- 
ductivity and even activation energy may depend on the presence of small amounts of 
impurities in solid solution in the crystals. Again, various physical properties of these 
large aromatic molecules are particularly interesting as lying between those of small 
aromatic systems like benzene and very large polynuclear systems like the carbon hexagon 
networks of graphite. Many such polynuclear aromatic molecules “ char ’’ into somewhat 


1 Akamatu and Inokuchi, /. Chem. Phys., 1950, 18, 810. 

® Inokuchi, Bull. Chem. Soc. Japan, 1951, 24, 222. 

3 Eley and Parfitt, Trans. Faraday Soc., 1953, 49, 79; 1955, 51, 1529. 
* Northrop and Simpson, P’rec. Roy. Soc., 1996, A, 284, 124. 
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defective graphite or “ carbons ’’ by comparatively straightforward bond rearrangements 
and couplings. In studying the crystal defects of such carbons it would be important to 
use starting materials which are themselves as free as possible from related impurities, 
which could otherwise become incorporated as defects in the end product. 


One 


Oo 
(I) (II) 

All these considerations made it desirable to investigate various physicochemical 
properties of some typical large polynuclear molecules, both on account of their intrinsic 
interest and with a view to devising more effective methods of purification. Isoviol- 
anthrone (II) was selected as a typical compound of which comparatively large amounts 
are available commercially. This has probably about the highest molecular weight (456) 
for which some purification is feasible by sublimation. Isoviolanthrene (I) was prepared 
from it by the method described below. Various properties investigated for both these 
molecules included fairly extensive measurements of solubilities in various solvents. 
Though results with conventional high-boiling substances such as triethanolamine (b. p. 
360°) or glycerol (b. p. 290°) proved disappointing, effective use could be made of the 
findings described below on solubilities in various strong acids, by controlling their water 
content and the oxidation-reduction conditions. Measurements are also described on the 
semiconductor properties of the powdered solids. With the purest specimens, the 
characteristic semiconductor parameters observed differ quite markedly from those of the 
same substances purified by conventional methods only. These parameters, together 
with information about the proton affinities of the molecules, are discussed below. 





EXPERIMENTAL 

Isoviolanthrone (II) was kindly supplied by Imperial Chemical Industries Limited (Dyestuffs 
Division). It was purified by dissolution in sulphuric acid (98%) and reprecipitation by 
addition of water,“'*? followed by sublimation. When required this starting material was 
further purified as stated below. 

Isoviolanthrene (I) was prepared from the quinone (II) by reduction. The method follows 
one previously described,* but we have found that the ease of reduction is substantially increased 
by adding a small amount of water. Isoviolanthrone (25 g.), sodium chloride (25 g.), zinc dust 
(25 g.), and zinc chloride (125 g.) were powdered together in a brass can. Water (12 ml.) was 
added and the whole mass was gently heated with stirring. Fusion began at about 100° and 
the heating was increased until the temperature rose to about 200°, where it was maintained 
for about 20 min. with constant stirring. There was no striking colour change of the melt but 
the reaction appeared to be practically completed when the original very dark colour of the 
melt showed tinges of red. The temperature was then raised to about 300° for a few minutes to 
complete the reaction. After cooling, the black solid was extracted by prolonged boiling with 
excess of 4n-hydrochloric acid. The residue obtained by filtration was extracted with sodium 
hydroxide and sodium dithionite solution to which a little pyridine had been added to remove 
unchanged quinone. Even 0-1% of quinone by weight in this solution gives a deep blue colour; 
yield 21 g. (84%). Repeated extraction, however, failed to remove the last traces of quinone 
from the interior of the crystals., When required, further purification was effected as below. 
: 5 Adamson and Blayden, Proceedings of the Third Carbon Conference, Buffalo, 1957, Pergamon, 

959, p. 147. 

. USP. 1939, 2,180,299. 

7 Russian P. 1939, 56094. 

8 Clar, Ber., 1939, 72, 1645. 4 : 
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In a variant of the above method, all the constituents were melted together at 200° except 
the isoviolanthrone which was then added, a gram at a time, with stirring. Towards the end 
of the reduction the melt became very viscous and the temperature was therefore raised to 
about 300° for the final additions. Further treatment of the melt was as before, and the yield 
was about the same. 

Removal of most of the unchanged quinone was effected by vacuum sublimation. Ultra- 
violet absorption spectra of solutions of various fractions in sulphuric acid showed that a 
higher proportion of quinone was retained in the residue on sublimation. The more volatile 
fraction after being washed with sodium dithionite solution was therefore sublimed a second 
time. Sublimation was in all cases effected in the range 400—460°/10 mm. A simple retort- 
shaped tube (1 in. diam.) was used; the coherent sublimate collected on the upper walls and 
there was little or no charring of the residue. 

Solubility Tests —Both compounds (I) and (II) were tested in a preliminary way for 
solubility in various solvents selected because of their chemical stability and high b. p.s. 


Fic. 2. Apparatus for solubility determination; 
(a) filter pipette, (b) solubility flask. 


Fic. 1. Spectra of (A) isoviolanthrone and 
(B) isoviolanthrene (oxidised) in 98% 
sulphuric acid. 
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However, neither compound was sufficiently soluble in the solvents tried, even at their b. p.s, 
to make further purification by the method of differential solubilities profitable. In the 
sequence of solvents, tritolyl phosphate (b. p. 435°), triethanolamine (b. p. 360°), di-(2- 
methoxyethyl) phthalate (b. p. 350°), diethylene glycol phthalate (b. p. 260°/4 mm.), and 
dinonyl sebacate (b. p. 224°/0-8 mm.), the highest solubilities were found in tritolyl phosphate 
and the most marked differentiation in di-(2-methoxyethyl) phthalate. 

Both compounds were readily soluble in cold 98% sulphuric acid which gave some promise 
of practicable further purification. The effects of various strong acids in various concen- 
trations were therefore investigated. In order to characterise these effects, infrared and 
ultraviolet absorption spectra were measured where appropriate. For infrared spectra, the 
dry powdered solids were mixed with solid potassium bromide (0-5%) and pelleted. Spectra 
were recorded on a Hilger H800 continuously-recording infrared spectrometer, and compared 
with those published by Durie, Lack, and Shannon.!®” Agreement was found within experi- 
mental error. A small percentage of either molecule in the other would not be readily 
detectable in such measurements. For ultraviolet spectra, solutions in concentrated sulphuric 
acid of controlled concentrations were transferred to stoppered quartz cells 10 mm. thick, 
care being taken to exclude air and moisture. Spectra were recorded on a Hilger “ Uvispek ” 


® Bradley and Sutcliffe, 7., 1951, 2118. 
10 Tmrie, Lack, end Shannon, Australian J. Chem., 1957, 10, 429. 





for 
a 





(1960) Properties of Large Aromatic Molecules. 4191 


spectrophotometer. Relative heights of the absorption peaks at 790 and 720 mp were used to 
estimate the proportions in mixtures of (I) and (II), since the ratio Ex90/E729 is independent 
of the absolute concentration; E is the extinction coefficient. 

The validity of Beer’s law in sulphuric acid solutions was verified in the concentration range 
10m to 10m for isoviolanthrone by observation of the extinction coefficients at a series of 


Fic. 3. Spectra of (A) isoviolanthrone, (B) 
isoviolanthrene in methanesulphonic acid, 
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Fic. 5. Plots of log solubility of isoviolanthrone 
against (a) concentration of sulphuric acid and 
(b) acidity function —H,: Upper scale (1, 
40°; +25°. Lower scale O, 40°; A 25°. 
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wavelengths in the range 360—400 my, which includes a subsidiary band. Plots of E against 
molar concentration gave the expected straight lines. 

Effects of Acids.—Isoviolanthrone (II). This dissolved readily in cold 98% sulphuric acid 
to give a stable turquoise-blue solution and was recovered apparently unchanged by addition 
of water. This was verified by careful comparisons of the absorption spectra, both ultraviolet 
and infrared, before and after repeated dissolution in sulphuric acid, precipitation by water, 
and sublimation. The ultraviolet absorption spectrum is recorded in Fig. 1(A). In order to 
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utilise the differential solubility of closely related impurities, measurements were made with 
the apparatus illustrated in Fig. 2. The long-necked flat-bottomed flask (b) was suspended 
in a thermostat controlled to +0-1° over the range 25—40°. After addition of isoviolanthrone, 
various weights of 98% sulphuric acid were added to the flask, and the concentration of acid 
was varied by adding measured volumes of water through a pipette. By proceeding in this 
order, instead of directly adding the acid diluted to the end-concentration desired, quicker 
saturation equilibrium between solid and solution was attained. In measurements of 
solubilities with these large molecules, whose rate of crystallisation may be quite low, it proved 
to be essential to verify attainment of the end-concentrations by sucking off small samples of 
the supernatant solution at intervals by using the filter pipette [Fig. 2(a)], and determining the 
concentrations present. For example, with 84% acid (w/w), equilibrium was effectively 
attained within 90 hr. at 40°. Since equilibrium is more rapid with stronger acid in which the 
solubility is higher, 90 hr. was taken as standard time for attainment of equilibrium in deter- 
mining the solubility curve. To determine the concentration of quinone (II) in the solution 


TABLE. 1 Effect of strong acids on isoviolanthrene and isoviolanthrone. 


Isoviolanthrene 
— A — 


a ” ”" 7 ht), » ~ 
Cold Hot Cold Hot Product on , 
"a aol a jae magal adding Isoviol- 
Acid in air under N, H,O anthrone 
H,SO, Dissolves to Bluecolour Bluecolour§ Bluecolour Unknown Dissolves to 
(98%) give blue rapidly much more rapidly compound give tur- 
colour turns stable. turns (X), con- quoise-blue 
slowly turn- green Very slowly _ green. tains solution. 
ing green. turns green. Amax, 790 sulphur, Amax. 720 my 
Amax. 790 my SO, detected my soluble in 
H,SO,. 
Amax. 720 mp 
H,SO, Insoluble Rapidly ~ -— Not ex- Slowly soluble 
(98%) soluble, amined in cold, rapidly 
saturated giving , in hot to give 
with green turquoise-blue 
BaSO, solution solution 

Cl‘SO,H Rapidly - —- -- Contained no Rapidly 
soluble to sulphur. soluble 
give green Soluble in hot or cold 
solution H,SO,,. 

Amax. 720 my 
and 790 mu 
(mixture of 
quinone and 
hydrocarbon) 

F-SO,H Rapidly Soluble, Not ex- Rapidly 
soluble, giving examined soluble 
giving green 
transient solution 
blue colour 
turning green 

CH,°SO,H_ Slowly Rapidly Slowly Solution Unchanged _ Soluble, 
soluble, soluble soluble, turns hydrocarbon giving 
giving blue to give giving green-blue from cold blue-green 
colour. blue-green stable blue solution solution. 
Slowly solution solution. Amax. 720 mp 
turns Amax. 610 my 


turquoise 


sucked off, an aliquot part was diluted with many times its volume of 98% sulphuric acid to a 


concentration suitable for spectrometric analysis (about 10°m). The peak in the absorption 
curve at 720 my was used, at which wavelength the extinction for a standard 10m-solution 
of quinone (II) prepared by direct weighing was E = 0-985. 

Fig. 5(a) plots the logarithms of solubilities observed for isoviolanthrone in sulphuric acid 
of various concentrations. 

In connection with investigations on isoviolanthrene, described below, preliminary observ- 
ations were made on solutions of quinone (II) in various other strong acids. These are recorded 
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in Table 2. As far as could be ascertained, pure quinone was always reprecipitated pn adding 
water. 

Isoviolanthrene. This dissolves slowly in cold 98% sulphuric acid to give a deep blue 
solution. If protected by nitrogen (British Oxygen Company ‘“‘ white spot,’’ O, <10 p.p.m.), 
this colour persists for some time, but in air it changes fairly quickly to an olive-green which is 
stable. The following experiments verified that this change involves an oxidation: (i) Addition 
of a few drops of hydrogen peroxide (20-vol.) to the blue solution in concentrated sulphuric acid 
immediately changed it to olive-green. (ii) Bubbling oxygen through a suspension of hydrocarbon 
(I) in cold sulphuric acid led to rapid dissolution giving the olive-green colour. (iii) Dissolving 
isoviolanthrene in hot sulphuric acid, either alone or saturated with barium sulphate, gave 
green solutions directly. (iv) When nitrogen (“‘ white spot ’’) was bubbled through the blue 
solution in cold 98% sulphuric acid, sulphur dioxide was formed by reduction of the sulphuric 
acid and the green colour was produced. For these experiments, 40 mg. of hydrocarbon were 
dissolved in 50 ml. of cold 98% sulphuric acid and the outgoing gas was passed through 10 ml. 
of n/100-potassium dichromate. After about 20 min. the blue colour of the acid solution (I) 
had changed to green, and the dichromate was reduced to the chromium salt. Blank tests 
showed that there was no transfer of sulphur dioxide in the absence of (I). Similar oxidation 
of (I) by cold chlorosulphonic acid was also observed in corresponding experiments. 

In view of these results with cold concentrated sulphuric acid, the effects of other strong 
acids on the hydrocarbon (I) were studied. These included sulphuric acid saturated with 
barium sulphate in order to suppress the concentration of hydrogen ion by virtue of the reaction 
H* + SO,” [= HSO,, and chlorosulphonic acid, fluorosulphonic acid, and methanesulphonic 
acid. Colour change in solution was fairly rapid in all cases, except with methanesulphonic 
acid. When this acid was carefully protected under nitrogen (‘‘ white spot’’), stable blue 
solutions of isoviolanthrene could be obtained. Ultraviolet absorption spectra of these solutions 
are recorded in Fig. 3(B). On dilution with water, the original isoviolanthrene was recovered 
apparently unchanged. This forms the basis of one process of further purification described 
below. 

Ultraviolet-absorption spectra of the green solution in concentrated sulphuric acid are 
recorded in Fig. 1(B). From these solutions the solid precipitated on addition of water gave 
evidence of the formation of a new compound (X) apparently by condensation between the 
sulphuric acid and one or more of the aromatic molecules. Fractional precipitation was 
carried out by adding water until the acid concentration was 75—85%, and filtering. This 
precipitated the hydrocarbon and quinone whereas compound X remained in solution, which 
had a royal-blue colour. On adding more water to the filtrate, to a concentration of about 
50%, compound X was precipitated. To purify it from (I) and (II), compound X was re- 
dissolved in concentrated sulphuric acid, and refractionated as described, in three successive 
cycles, until the infrared and ultraviolet absorption spectra showed no further change. Proper- 
ties of compound X are summarised below, but since it was not directly related to the main 
objective of the present studies, no complete determination of its molecular size or structure 
has yet been made. 

(a) Sodium fusion showed that compound X contained sulphur. No sulphonic acid groups 
could, however, be detected on boiling with 10% sodium hydroxide solution in which it was 
completely insoluble. 

(b) Compound X dissolved in alkaline sodium dithionite solution, suggesting that it contains 
quinonoid groups. 

(c) Compound X was practically insoluble in all solvents tried—benzene, xylene, chloroform, 
ethanol, pentanol, 1-methylnaphthalene, tri-o-tolyl phosphate, nitrobenzene, triacetin, acetic 
acid, ‘‘ carbowax 350” (a complex mixture of methylated polyethylene glycols), and dioctyl 
and dinonyl sebacates. The only exceptions were sulphuric acid, and (to a small extent) 
boiling glycerol and boiling triethanolamine. This made it impracticable to determine the 
approximate molecular weight. Its very dilute solution in cold glycerol showed broad absorp- 
tion bands in the visible spectrum with peaks at 560 and 600 my. Its absorption spectrum in 
98% sulphuric acid solution is very closely similar to that of isoviolanthrone. 

(d@) Compound X did not melt below 600° but charred progressively above this temperature. 

(e) Like the ultraviolet absorption spectrum of solutions in sulphuric acid, the infrared 
absorption spectrum of the solid showed marked similarities to that of isoviolanthrone. 
Significant differences were observed in the region 1100—1200 cm."!, with wide bands at 1105, 
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1142, 1210, and 1405 cm.*. These bands were rather diffuse, and very intense, suggesting a 
condensation product of more than one parent aromatic molecule. 

(f) In view of what follows, it was noteworthy that the bulk electrical resistance of com- 
pound X was extremely low for an organic compound. Pressed pellets showed the resistivity 
to be py = 10’ ohm cm., with an activation energy of only 0-054 ev. 

From solutions of isoviolanthrene in other strong acids tried, a mixture of hydrocarbon 
and quinone was recovered on adding water, as recorded in Table 1. 

Methods of Further Purification of Isoviolanthrone and Isoviolanthrene.—On the basis of 
studies summarised above, definitive methods used for further purification were as follows: 

(1) Isoviolanthrene. This was first produced by reduction of the quinone and the reaction 
mixture was extracted with 4n-hydrochloric acid to remove the bulk of inorganic impurities. 
The crude hydrocarbon was boiled with alkaline dithionite—pyridine solution (3 or 4 times) 
until the bulk of quinone was removed. Two sublimations then yielded substantially pure 
material. Further purification was by treatment with cold methanesulphonic acid and water 
as explained below, followed by final sublimation. 

(2) Isoviolanthrone. As obtained from Imperial Chemical Industries Limited (Dyestuffs) 
this was fairly pure and could be dissolved directly in 98% sulphuric acid, followed by filtration 
and reprecipitation by reducing the acid concentration to about 90%. Sublimation then 
yielded a pure product. 

Electronic Properties of (1) and (I1).—Certain electronic properties of these solid polynuclear 
aromatic molecules are sensitive to the presence of impurities in solid solution. To test the 
recommended procedures, the electrical conductivity of the solids was compared (i) when they 
were prepared by conventional purification and (ii) when further purified as described. To 
survey the range of possibilities, actual solids used included: 

Hydrocarbon I(i), purified by repeated sublimation and washing with alkaline dithionite 
solution until test was no longer positive (boiling a small sample with alkaline sodium dithionite 
solution containing a little added pyridine). Sublimation was always the last step. 

I(ii) was prepared from I(i) further purified by agitation with cold concentrated methane- 
sulphonic acid protected by oxygen-free nitrogen. Tests showed that the acid-soluble fraction 
contained a little quinone, but that the insoluble portion was free from quinone. 

Quinone II(i), sublimed from the crude material. 

II(ii), purified by acid treatment as described, followed by sublimation. 

II(iii), which was the same as quinone II(ii) except that known amounts of benzanthrone 
had been added as impurity; e.g., 0-1 mole % of benzanthrone was added to the powdered 
quinone II(ii), and the whole dissolved in cold concentrated sulphuric acid to assist incorpor- 
ation; it was completely reprecipitated by adding water and sublimed. 

Pure benzanthrone was also studied as reference material and was purified as for isoviol- 
anthrone. 

Difficulties in measuring the electrical conductivity of powders are well known, because of 
the effect of the applied pressure on the contact electrical resistances in polycrystalline material. 
For the present purpose of comparing closely similar materials, a procedure giving definite 
and characteristic values was aimed at. Other work ™ suggested that much of the difficulty 
could be obviated by promoting plastic flow under pressure to increase contact areas between 
crystals. It was found that reproducible results could be conveniently obtained with the 
present materials by forming a pellet of approx. 0-5 cm. diameter in a screw pellet press, and 
heating the pellet for 3 hr. to release strain energy by plastic flow whilst the screw pressure was 
applied. Heating was at 100° for (II) and at 300° for (I). Check experiments with heating 
under dry nitrogen gave the same result. Indirect methods showed that the screw press used 
exerted about 300 kg./cm.*. On release of the screw, the pellet expands somewhat; further 
heating at 100° for a few hours releases any remaining strain energy sufficiently to yield steady 
and reproducible values of the resistance, R. In contrast with measurements on the powders, 
dR/dP in these pellets is zero, within the range 0—10 kg./cm.?. 

Other workers !*-* have used static pressures up to about 80 kg./cm.? without any annealing. 
This implies using solids with considerable strain energy at contact points between crystals, 
though their values show the convenient property that dR/dP is small above this order of 
pressures. By our annealing procedure, dR/dP becomes negligible at much lower pressures, 


11 Lewis, Orr, and Ubbelohde, Proc. Phys. Soc., 1958, B, 70, 928. 
#8 Inokuchi, Bull, Chem, Soc. Japan, 1955, 28) 570. 
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which seems more satisfactory for purposes of characterisation by means of comparative 
measurements. With materials of such high resistance, various other complications have to be 
kept in view. On applying a D.C. voltage gradient, the end value of resistance was found to lie 
above the initial value by a factor which might be as high as 20 or 30. Our values all refer to 
asymptotic end-results reached after about 30 minutes’ application of voltage. 

A.C. has also been used in place of D.C., with the aim of eliminating contact effects.13 
A D.C. method was preferred for compounds of such high resistance as those now studied. The 
slow relaxation processes that are evident when D.C. is used could introduce frequency- 
dependent terms with A.C. 

To measure the resistance at various temperatures a simple cell of silica was used, similar 
in design to that previously described.14 The sample was in series with a standard resistor of 
high known value and the potential drop across this was measured on an electrometer 
(Electronics Instrument Limited, Vibron type 33c). This enabled the voltage gradient to be 
kept below 100 v/cm. and avoided non-ohmic effects. Tests showed that Ohm’s law was 
obeyed up to about 500 v/cm. An air-bath controlled to +0-5° was used for temperature 
control. This consisted of a copper can 6 in. high and 4 in. in diameter around which was 
wound a 100-ohm. heater in 4 separate strips each being 1 in. wide; heat-resisting cement 
covered the outside of the heating wire. Temperature was controlled by two variable resistors 
in series with the heater. Because the heating current was D.C., switching was effected by a 
vacuum switch which in turn was actuated by a relay from an Airmec N241 temperature con- 
troller. The whole apparatus was electrically and magnetically screened by being placed in a 
large soft-iron can. 

Plots of log p against 1/T, where p is the resistivity, give straight lines at 30—140° (see Fig. 6). 
Calculated parameters from closest fit of the equation log p/p, = ¢/kT to experimental data are 
given in Table 2. Some authors *“ use an alternative equation with an energy gap Ae twice our 
value of «. 

An alternative method of incorporation was tested to verify whether dissolution in sulphuric 
acid and complete reprecipitation to produce II(ii) might have caused the marked changes 
recorded in Table 2 on further purification of isoviolanthrone. These are illustrated in Fig. 6. 
Benzanthrone (1%) was mixed with the isoviolanthrone in a ball mill, and a pellet was made 


TABLE 2. Effects of impurities on semiconductor characteristics of aromatic 
hydrocarbons (II) and quinones (1). 


Poo units Poo units 
Sample e(ev) (10%°ohmcm.) pp, (ohmcm.) Sample e(ev) (10'ohmcm.)  p, (ohm cm.) 
I(i) 0-74 2100 20 II (ii) 0-66 2200 800 
I(ii) 0-81 3600 6-3 0-65 1200 630 
II (i) 0-53 4-0 320 0-74 6000 150 
0-50 17 4000 IT (iii) 0-49 0-12 50 
0-48 2-5 1600 0-56 170 4800 


from the mixture. Measurements were first made before annealing at high temperature. The 
log p—1/T plot consists of two intersecting straight lines of slope « = 0-75 ev and e = 1-30 ev at 
lower and higher temperatures, respectively. This corresponds to simple summation of the 
conductance properties of the pure components. A similar result was noted for a 0-1% 
mixture (Fig. 6x). However, on annealing this sample in the usual way at 300°, a result 
exactly comparable with that of [II(i)] was obtained, with ¢ = 0-52 ev, po = 3-6 x 10! 
ohm cm., indicating that both methods of incorporation eventually lead to the same plot, 
corresponding with impure isoviolanthrone (Fig. 6y). 

With pure benzanthrone, resistances were too high to permit good reproducibility. At 
temperatures above 80°, two different pellets had the parameters: 


e = 1-71 eV, Py99 = 16 X 10?* ohm cm., pp = 1-6 x 10-7 ohm cm. 

e = 1-35 ev, O19 = 4:3 X 1015 ohm cm., pp = 3-5 X 10° ohm cm. 
In view of the scatter of the points caused by the very high resistance to be measured, these 
values of ¢ can be regarded as in fair agreement with the value of e = 1-30 ev obtained at 


18 Koops, Phys. Rev., 1951, 88, 121. 
14 Slough and Ubbelohde, J., 1957, 982. 
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higher temperatures from mixtures of isoviolanthrone and benzanthrone, before annealing 
{cf. Fig. 6(b)). 
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DISCUSSION 

One primary effect of acids in facilitating dissolution of a polynuclear compound R is 
through the formation of a proton adduct RH* from the neutral molecule. This proton 
adduct RH* is much more soluble in a strongly ionising medium such as concentrated 
sulphuric acid than is the parent molecule. Such dissolution is reversed on dilution with 
water, the original compound usually being recovered. Aromatic molecules of different 
structures can have very different proton affinities in this respect, and in the absence of 
other complications this makes purification by acid treatment a good selective method. 
Various acids with differing acidity functions can be used, and the acidity can be controlled 
by adding water or soluble sulphates. Another more chemical effect whereby strong 
acids can increase the solubility of R is by increasing the proportion of polar groups in the 
molecules, for example, by sulphonation or by oxidation. Whereas sulphonation may 
be reversible, oxidation usually is not. However, both effects are undesirable in purifying 
large polynuclear molecules and the use of acids should if possible be avoided if intervention 
of such processes is suspected. 

Combined with previous information,!*18 the experimental evidence presented above is 
consistent with the view that isoviolanthrone R! dissolves in strong acids to give a reversible 
proton adduct in the way suggested. This can be represented by the equation 


oe ue See | | 
Isoviolanthrene also probably dissolves initially to form a proton adduct: 
m+’ ape” jw tt lt lt hl hl kl 


In methanesulphonic acid, reaction stops at this stage but under oxidising conditions the 
further reaction occurs: } 

R?H* —» H* + (R?)** + 2e 2 ss +. oe 
When the proton concentration is repressed, ¢.g., by adding barium sulphate, formation 
of (R?)** in solution probably occurs directly by oxidation of the solid. On these views, 


18 Van der Meij, Thesis, Amsterdam, 1958. 
© Hammett, “ Physical Organic Chemistrv,’’"*McGraw-Hill, New York, 1940, p. 271. 
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the observed solubility of isoviolanthrone in sulphuric acid might depend on the acidity 
function * Hy. Plots to test this by using known acidity functions are shown in Fig. 5(5). 
No simple interpretation giving a relation between H, and total solubility ms has been 
found that does not contain a term in log mg, where mg is the concentration of the un- 
ionised quinone in solution. In the absence of further experimental information, m, 
remains an essentially indeterminate quality. 

From the absorption spectra of the quinone in varying concentrations of acid, calcul- 
ations of the basicity constant pKx could in principle be made. Unfortunately, in the 
region of acid concentration between 72 and 78%, where the spectrum of the un-ionised 
quinone makes an appreciable contribution, the solubility of the isoviolanthrone becomes 
vanishingly small, so that direct accurate determinations of absorption spectra were 
impossible. An estimate by using the calculation due to Hammett and his colleagues 1” 


H OH gave pK, = —7-3. On this basis isoviolanthrone appears 
to have approximately the same basicity and hence de- 
oe & localisation energy as anthraquinone.4® Only preliminary 
quantum-mechanical calculations are yet available for iso- 
Hes violanthrene # and none for isoviolanthrone. 
On addition of water to the strongly acid solutions the 
oe & quinone is recovered unchanged by reversal of reaction (1). 


In one instance the hydrocarbon is likewise recovered by 
reversal of reaction (2). In the oxidised solutions of 
hydrocarbon a mixture of quinone and hydrocarbon appears to be present; this is probably 
formed by disproportionation of some intermediate (IIT). 

The sequence of reactions might be 


(R2)** + 20H- —» (III) 
2(I11) —» R? + R! (disproportionation) 


HO H (111) 


In concentrated sulphuric acid some compound X is also found. 

The effect of impurities is very evident from measurements on the electrical con- 
ductivity. Some discussion about their mode of action has been presented for smaller 
polyacenes.* In considering our present results for isoviolanthrene, its ready oxidisability 
must be kept in mind. e for the pure hydrocarbon is unlikely to lie below 0-81 ev. 
Sample I(i) gave « = 0-74 ev. Possibly this contained a trace of quinone, although the 
difference may not be experimentally significant. The resistance at 20° agrees well with 
previous published data,” but the activation energy is almost twice that of the former work 
(0-41 ev). It is of iuterest that, on the basis of Northrop and Simpson’s postulate that 
activation energy is related to the height of the first triplet state, our value of 0-81 ev 
agrees far better with a straight-line plot of « against the energy gap between ground state 
and triplet state of the molecule, than do the quoted values of Inokuchi.? 

It would seem from the present results that benzanthrone may have been present in 
samples of isoviolanthrone previously studied,” since the activation energies reported lay 
around 0-40 ev with p45 around 108 ohm cm. By comparison with the results of Northrop 
and Simpson,‘ samples with activation energy 0-65 ev as now obtained (Table 2) would 
appear to have had the concentration of impurity reduced to less than about 5 x 10™m. 
By successive dilutions of the isoviolanthrone II (iii) treated with benzanthrone, by pure 
isoviolanthrone II(ii) it is found that the conductance parameters are affected by the added 
impurity down to at least 10m. 


DrEPT. OF CHEMICAL ENGINEERING AND CHEMICAL TECHNOLOGY, 
IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY, 
Lonpon, S.W.7. [Received, November 3rd, 1959.) 
17 Flexser, Hammett, and Dingwall, J. Amer. Chem. Soc., 1935, 57, 2103. 


18 Macker, Hofstra, and van der Waals, Trans. Faraday Soc., 1958, 54, 66. 
19 B. Pullman, Proceedings of the Third Carbon Conference, Buffalo, 1957, Pergamon, 1959, p. 3. 








4198 Hamer and Leslie: The Hammett Acidity Function in 


821. The Hammett Acidity Function in Reactions catalysed by Carb- 
oxylic Acids. The Hydrolysis of Methylal and the Depolymerisation 
of Trioxan. 

By D. HAMER and J. LESLIE. 


Correlation between the acidity function (H,) and the rates of reactions 
catalysed by carboxylic acids frequently breaks down at higher acid con- 
centrations. The behaviour of two systems was studied by using various 
carboxylic acids and with acetic acid-sulphuric acid mixtures. In the 
hydrolysis of methylal it was demonstrated that the non-linearity of the 
H,-log (reaction rate) plot was caused by a “ salting-in”’ effect. In the 
depolymerisation of trioxan, although this effect is doubtless a factor, far 
greater deviations were caused by catalysis by undissociated molecules. This 
could be most clearly demonstrated by using acetic acid-sulphuric acid 
mixtures. 


A LINEAR relation between the Hammett acidity function ! (H,) and log (reaction rate) is 
well established for catalysis by strong acids in aqueous solution.2 Only a few investig- 
ations have been made into this relation in the case of carboxylic acids. It has been found, 
however, that in more concentrated solutions of these acids the reaction rate is sometimes 
greater than that expected for the appropriate acidity function value. Long and Paul ? 
suggested that this deviation may be due to factors arising in the determination of H, by 
the indicator method. They suggested a “ salting-in ” effect by the carboxylic acid on the 
base, varying with each base and acid used. In contrast, Satchel] 5 determined an acidity- 
function scale for dichloroacetic acid and claimed a linear correlation with the rates of a 
deuterium-exchange reaction and the depolymerisation of paraldehyde (data of Bell and 
Brown *). However, the gradient of the log rate—(acidity function) plot was only 0-65 
compared with that of 1-0 obtained with strong acids. Bascombe and Bell ® have since 
pointed out that certain basic indicators are unsuitable for use in the determination of H, 
values in solutions of some carboxylic acids. 

It appeared that a wider range of kinetic measurements on acid-catalysed reactions 
using solutions of carboxylic acids would be useful. This paper describes investigations of 
the rates of hydrolysis of methylal and trioxan in aqueous solutions of carboxylic acids and 
sulphuric acid—acetic acid mixtures. 


RESULTS 

Hydrolysis of Methylal.—The kinetic results obtained for the hydrolysis of methylal 
with aqueous solutions of various acids at 25° are summarised in Table 1 and the plots of 
log (hydrolysis rate) against acidity function are given in Fig. 1. The H, values for tri- 
fluoroacetic and trichloroacetic acids were interpolated from the results of Randles and 
Tedder ? corrected to a pK value for p-nitroaniline of 1-02. The values for sulphuric acid 
and dichloroacetic acid are from the results of Bascombe and Bell,* and the H, values for 
acetic acid-sulphuric acid mixtures are taken from Table 3. 

In the case of sulphuric acid alone the plot of log rate against H, gave a linear graph and 
this was used as the reference line. As expected, the gradient was 1-0, and individual 
points are not shown. 

The results obtained by using trifluoroacetic acid and trichloroacetic acid followed this 
reference curve very closely. When they were considered individually there was a slight 


1 Hammett and Deyrup, J]. Amer. Chem. Soc., 1932, 54, 4239. 
? Long and Paul, Chem. Rev., 1957, 935. 

* Hammett and Paul, J. Amer. Chem. Soc., 1934, 56, 827. 

* Bell and Brown, J., 1954, 774. 

5 Satchell, J., 1958, 3904. 

* Bascombe and Bell, J., 1959, 1096. 

7 Randles and Tedder, J., 1955, 1218. 
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upward curvature detectable towards higher acidities. This is similar to Satchell’s find- 
ings 5 for the hydrogen-exchange reaction. In dilute solutions the points obtained by 
using dichloroacetic acid follow the reference line, but in the more concentrated solutions 
there is a pronounced and increasing deviation above the reference line. Finally, the 
group of results obtained by using various mixtures of acetic acid with 0-73m-sulphuric 


TABLE 1. Acid-catalysed hydrolysis of methylal at 25°. 


Trifluoroacetic acid. 


[Acid] (mole/l.) ... 0-231 0-667 1-646 2-72 4:86 6-03 7-31 8-05 

105k (min.-!) ...... 25-3 67-0 139 190 276 339 621 718 

ie caveccecesnsanvess 0-63 0-24 —0-11 — 0-25 —0-44 —0-°55 —0-71 —0-81 
Trichloroacetic acid. 

[Acid] (mole/l.) ... 0-589 0-850 1-437 2-87 5-03 5-52 6-42 7-58 

105k (min.“!) ...... 63 82-5 108 128 181 202 284 555 

| Ee 0-29 0-13 —0-025 —0065 —0-135 —0-18 —9-31 —0-61 
Dichloroacetic acid. 

[Acid] (mole/l.) ... 0-155 0-40 0-754 1-35 2-40 3-58 4°75 6-16 

105 (min.“!) ...... 7-7 13-9 18-4 21-2 21-9 24-6 34-4 57-4 

lk. sanbinincuveresnns 1-0 0-85 0-73 0-66 0-66 0-665 0-65 0-57 
Sulphuric acid (0-73m)-acetic acid (temp. = 24-7°). 


[Acetic acid] 


(mole/l.) ......... 0 0-35 1-07 1-75 2-42 3-49 5-20 
10° (min.-!) ...... 136-2 132-6 25-4 118-8 116-4 114-0 114-0 
TEA” Kdscescicctsvcase’ —0-:125 -—0-105 —0-06 — 0-02 +0-02 +-0-08 +0-13 


acid show a decrease in rate of hydrolysis with increasing acetic acid concentration. There 
is an increasing deviation from the line as the acetic acid concentration increases. 
Depolymerisation of Trioxan.—A series of measurements of the rate of depolymerisation 
of trioxan with the same acids is summarised in Table 2 and the plots of log rate against Hy 
are given in Fig. 2. The sources of the H, values are those quoted in the above section. 
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Fic. 1. Hydrolysis of methylal. Fic. 2. Depolymerisation of trioxan. Continuous lines ave those 
obtained in hydrolysis with pap a acid alone, slope 1-0. The other symbols ave experimental points 
obtained in catalysis with: © trifluoroacetic acid, @ trichloroacetic acid, x dichloroacetic acid, A acetic 
acid in 0-73M-sulphuric acid. 


In Fig. 2 the reference line again refers to the reaction rate in the presence of sulphuric acid 
alone and is of slope 1-0. At the lower concentrations the points obtained for all the 
carboxylic acids follow this line but at higher concentrations all the acids show marked 
deviations, the rates being greater than expected for the particular Hy values. There is 
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also a considerable deviation 
concentration is increased. 


for acetic acid-sulphuric acid mixtures, as the acetic acid 


DISCUSSION 


Methylal.—It has been well established that the hydrolysis of methylal is catalysed only 


by hydrogen ions. 


It must be assumed therefore that divergence in the relation between 


H, and log rate reflects faults in the H, scales for carboxylic acids and does not indicate 


catalysis by other components. 


explained by the “ salting-in 


This inexactness of the acidity function scale can be 
effect during the determination of the scale by means of 


TABLE 2. Depolymerisation of trioxan by acids at 25°. 
Trifluoroacetic acid. 
[Acid] (mole/l.) ...... 0-082 0-150 0-272 0-380 0-540 0-600 0-711 1-72 
1G (min. “*)  .....00. 1-51 2-96 4-80 7-15 9-56 9-42 11-48 25-02 
© ceteveccocesecednccce 1-1l 0-79 0-59 0-46 0-37 0-29 0-21 —0-12 
[Acid] (mole/l.) ...... 1-748 2180 300 456 560 628 826 
107k (min.?) ......... 27-0 32-88 41-40 63-0 89-16 112-0 324-7 
Be ceesesecdecsovccseses —0-14 —0-19 —0-28 —0-42 —0-52 —0-58 —0-85 
Trichloroacetic acid. 
[Acid] (mole/l.) ...... 0-096 0-21 0318 0-502 0-676 1-584 1-762 3-56 
107k (min.“") ......... 1-73 3-62 5-40 8-52 10:95 21-48 22-50 33-80 
@ _eeensvocsesonccoscces 1-11 0-71 0-54 0-25 0-21 —0-04 —0-05 —0-07 
[Acid] (mole/l.) ...... 4-760 5-32 6-23 6-49 6-94 7-49 777 
107k (min.-!) ......... 47-58 57-72 92-58 105-7 152-4 268-2 344-4 
Q  seccecccesesocccccees —0-1l1 -—0-15 —0-28 —0-32 —0-41 —0-56 —0-69 
Dichloroacetic acid. 
[Acid] (mole/l.) ...... 0-160 0-368 0-716 1-33 2-20 3-62 5-04 6-85 
107k (min.“") ......... 1-69 2-70 4-11 5-05 5-90 7-02 8-34 15-60 
Bilis | a evevasendpnocenesede 1-0 0-87 0-74 0-66 0-66 0-67 0-64 0-51 
Sulphuric acid (0-73m)—acetic acid. 
[Acetic acid] (mole/l.) 0 175 349 520 692 859 10:38 12-04 
10% (min.~!) ......... 265 297 330 401 506 714 11-70 22-2 
ik, shviitehbnieasteads —0:13 —0-01 +0-:08 013 O11 0:05 —0O-11 —0-39 
Sulphuric acid (1-83m)—acetic acid. 
[Acetic acid] (mole/l.) 0 0-35 085 169 262 341 435 524 7:05 8-75 
10° (min.-!) ......... 147 153 159 41-72 194 213 247 288 420 7-38 
Fb, “eenctesevecdivedeasse —0-84 —0-82 —0-78 —0-71 —0-64 —0-58 —0-54 —0-53 —0-57 —0-70 


TABLE 3. Acidity functions of aqueous sulphuric acid—acetic acid mixtures. 


(a) Sulphuric acid concentration = 


0-73 mole/l. 


Indicator, p-nitroaniline, pK = 1-02. Optical density (8) of indicator solution (54 mg./l.) = 0-494. 


[Acetic acid] (mole/l.) 0 
B 


pidedsuipiebbeandubivontd 0-033 
Sin. uebientaveuhadeened —0-13 
[Acetic acid] (mole/l.) 5-92 

seniesionsbheosnbanenetns 0-057 
ARR RS 0-13 


(b) Sulphuric acid concentration = 
Indicator o-nitroaniline, pK = 
[Acetic acid] (mole/l.) 0 
B 0- 


—0-10 


0-35 1-05 1-75 3:49 4-16 5-20 

0-035 0-038 0-041 0-051 0-052 0-058 

—0-:06 —0-02 0-08 0-09 0-14 

6-92 7-63 8-59 10:38 12-04 13-79 

0-053 0-052 0-047 0-034 0-018 0-008 

0-10 0-09 0-04 —Oll -—0-40 —0-76 

1-83 moles/l. 

—0-29. Optical density of indicator solution (117 mg./l.) = 0-370. 
0-35 1-06 1-71 2-40 3-25 3-28 4-14 5-10 
0-084 0-094 0-103 0-113 0-115 0-127 0-126 0-130 
0-82 0-76 0-70 0-65 0-64 0-57 0-58 0-56 
6-08 6-795 7-605 8-53 8-67 10-40 12-18 13-79 
0-140 0-136 0-129 0-099 0-113 0-075 0-040 0-014 
0-50 0-53 0-56 0-73 0-65 0-88 1-21 1-60 


indicators. This explains the apparent decrease in acidity when acetic acid is added to 
sulphuric acid solutions,® and also the feature reported above, i.e., that the rate of hydrolysis 


ain wa ei ast ahs aA 
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® Paul and Long, Chem. Rev., 1957, 57, 1. 
* Noyce and Castelfranco, J. Amer. Chem. Sov., 1951, 73, 4482. 
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of methylal in sulphuric acid is decreased by the addition of acetic acid. The salting-in 
effect in this last case is much smaller with methylal than with the indicator base since 
the non-correlation of H, and reaction rate becomes greater as more acetic acid is added, 
the rate values aJl being higher than expected (Table 1; Fig. 1). The failure of the plot of 
log rate against H, to give linearity in the case of the carboxylic acids is covered by the 
same theory. The divergence in behaviour is not marked with trifluoroacetic or trichloro- 
acetic acid except in the most concentrated solutions, in contrast to the behaviour of the 
weaker dichloroacetic acid. 

Trioxan.—Trioxan would be expected to show similar salting-in effects. Indeed a 
comparison of Figs. 1 and 2 shows that with trioxan the rate of depolymerisation is much 
higher than expected from the appropriate acidity function, particularly at higher con- 
centrations of all the carboxylic acids. From a consideration of these binary mixtures 
alone then it appear that, if these reactions are subject only to hydrogen-ion catalysis, 
there is a salting-in effect in the order: indicator > methylal > trioxan. Fig. 3 illustrates 
the effect of increasing amounts of acetic acid on the rates of reaction of methylal and 








50 
3 
8 2 
Fic. 3. Effect of changing acetic acid concentration * “ial 45483 
on the hydrolysis of methylal (curve A, left-hand o 4 a 
scale) and the depolymerisation of trioxan (curve 2 — o 
B, right-hand scale), both in solution in 0-73M- = 28 > 
sulphuric acid. S 
~ 
29} 58 
< : 
* DOA 6 
= FOC 4 r 1 al 





2 a 6 8 
Acetic acid (mole /?) 


trioxan in 0-73M-sulphuric acid. As already discussed, in the case of methylal the reaction 
rate is decreased and this is explained on the basis of the salting-in effect. However, with 
trioxan the rate rises steadily with increasing acetic acid concentration. Hence, while 
there may also be a salting-in effect with trioxan, there is some more important effect which 
results in an increase, not a decrease, in rate: since under these conditions the acetic acid 
will be practically undissociated, this is probably catalysis by undissociated acetic acid, 
supplementing that by hydrogen ions. If so, one would not expect a correlation between 
H, and log rate for trioxan in the binary systems of aqueous carboxylic acids since, added 
to the deviation caused by the salting-in effect, will be the contribution from catalysis by 
undissociated carboxylic acid. Very recently Kresge and Chiang showed that the nuclear 
hydrogen exchange in 1,3,5-trimethoxybenzene is also catalysed by undissociated acetic 
acid and hence a non-linear H,—log rate plot would again be expected (cf. Satchell °). 

There is no evidence to indicate how undissociated molecules facilitate depolymerisation 
of trioxan. Possibly they assist decomposition of a proton-trioxan complex, but a wider 
survey of the kinetics is required before further speculation. 


EXPERIMENTAL 


Trioxan was prepared by the slow distillation of a 60% solution of formaldehyde containing 
approximately 2% of sulphuric acid; it was extracted from the distillate with methylene 
chloride and crystallised from this solvent," and was finally recrystallised from water and dried 


1 Kresge and Chiang, ]. Amer. Chem. Soc., 1959, 81, 5509. 
Frank, U.S.P. 2,304,080/1942. 
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for 3—4 weeks over fused calcium chloride; it had m. p. 61°. A further supply of trioxan, from 
Dr. W. Cule Davies, Associated Chemical Companies, Ltd., Leeds, was similarly recrystallised. 
Methylal was purified by treatment with sodium wire followed by fractional distillation; it had 
b. p. 42-0°. 

Trifluoroacetic acid was obtained from Kodak, Ltd., and dichloroacetic acid from Hopkin 
and Williams, Ltd.; both were used without further treatment. Trichloroacetic, sulphuric, and 
acetic acids were ‘‘ AnalaR ”’ grades, as were all volumetric reagents used. o-Nitroaniline and 
p-nitroaniline were recrystallised three times each from ethyl alcohol, and had m. p. 73° and 
147°, respectively. ‘ 

Kinetic Measurements.—The hydrolysis of methylal was followed by estimating the form- 
aldehyde liberated. Methylal was delivered into the acid solution by calibrated pipette. The 
mixture was kept in a thermostat, and 5 ml. samples were removed at intervals for analysis. 
The formaldehyde content of the samples was determined by the sulphite method,!* thymol- 
phthalein being used as indicator. The methylal concentration was calculated, and first-order 
rate constants obtained by the usual plot (Table 1). 

Trioxan depolymerises in acid with the liberation of 3 moles of formaldehyde per mole of 
trioxan. 1-3—1-7 g. of trioxan and the appropriate acid solution in a 50 ml. stoppered flask 
were kept in a thermostat; 5 ml. samples were taken as required, and the formaldehyde 
estimated by the iodometric method.” First-order rate constants were then calculated 
(Table 2). 

Acidity-function Measurements in Sulphuric Acid—Acetic Acid Mixtures.—Measured volumes 
of concentrated sulphuric acid and glacial acetic acid were run from burettes into water in 
50 ml. graduated flasks, 5 ml. of a stock indicator solution (p-nitroaniline, 54 mg./l.; or o-nitro- 
aniline, 117 mg./l.) were added to each flask, and the contents made up to 50 ml. and kept at 
25° for several hours. The optical density of each solution was then determined with a Unicam 
S.P. 500 spectrophotometer, aqueous sulphuric acid being used in the reference cell. The 
wavelengths used were: p-nitroaniline, 380 my; o-nitroaniline,411 my. The optical density of 
a solution of 5 ml. of stock indicator solution diluted to 50 ml. was also measured. If 8 is the 
optical density of this indicator solution, and 8, that of the acidic solution, then the ratio 
[B)/[BH*] is given by 8,/(8 — 8,). The acidity function was then calculated from Hy, = pKz + 
log [B]/[BH*] with the pK values: p-nitroaniline, 1-02; o-nitroaniline, —0-29. With p-nitro- 
aniline, measurements of the ratio [B]/[BH*] at wavelengths in the range 360—400 mp showed 
that H, was independent of wavelength in this region. Finally, 5 ml. samples of each acid 
mixture were titrated with standard sodium hydroxide solution. The acetic acid content of 
the solutions was calculated from the difference between the titres and the titre obtained for 
the solutions containing sulphuric acid only. The results obtained are given in Table 3(a) 
and (bd). 


The authors thank the Ministry of Education of Northern Ireland for a research studentship 
(to J. Leslie). 


COLLEGE OF TECHNOLOGY, BELFAST, NORTHERN IRELAND. [Received, January 14th, 1960.] 


12 Walker, ‘‘ Formaldehyde,” Reinhold Publ. Corp., New York, 2nd edn., 1953. 





— = a ee 


SoOoomns 


ym 
dd. 
ad 


cin 
nd 
nd 
nd 


m- 
‘he 
Sis. 
ol- 
der 


: of 
ask 
yde 
ted 


nes 
- in 
tro- 
t at 
am 
The 
y of 
the 
atio 
B + 
tro- 
wed 
acid 
t of 
| for 
3(a) 


ship 


0.) 





[1960] Manassen and Klein. 4203 


822. Reactions of n-Butene and Butan-2-ol in Dilute Acid. The 
Elucidation of the Mechanism and the Intermediate in Elimination 
from Secondary Alcohols and in the Hydration of Olefins. 


By Joost MANASSEN and Fritz S. KLEIN. 


The kinetics of the following competing reactions were studied in aqueous 
acid at 100° by the isotope dilution method: (1) The conversion of but-l-ene 
into but-2-ene. (2) The hydration of but-l-ene to butan-2-ol; and by doubly 
labelling with *C and #80. (3) The isomerization of [4-"C]butan-2-ol to its 
isotopic isomer, [1-™“C]butan-2-ol. (4) The oxygen exchange of butan-2-["8O]ol 
with water. 

All four reactions could best be explained by a single intermediate which 
(i) forms but-2-ene by elimination; (ii) combines with solvent to form butan- 
2-ol; (iii) undergoes reversible elimination to form olefin, whereby the alcohol 
is isomerized ; (iv) is solvolysed reversibly to bring about the oxygen exchange 
of the alcohol. This intermediate is postulated as a planar carbonium ion, 
which is partially covalently bound to a water molecule on each side of the 
plane, the central carbon then being ‘“‘ quinquecovalent.”” This model can 
best account for the experimental data. 

Evidence is presented that the mechanism for the hydration of olefins to 
secondary alcohols is different from that leading to tertiary alcohols, though 
the transition state may have some “‘ x-complex character.”’ 


HypDRATIONS, dehydrations, and solvolyses are inter-related, yet these three reactions 
have not been studied under comparable conditions in one system. The considerable 
work on solvolysis and on olefin-forming eliminations accompanying solvoiysis has been 
reviewed by Ingold. The hydration of olefins has been studied more recently by Taft and 
his co-workers.?:3 

Solvolyses can be classified into those that go by unimolecular (Sy1) or by bimolecular 
(Sy2) mechanisms. Various criteria have been defined to distinguish between these two 
mechanisms, but in many reactions these criteria tend to indicate intermediate behaviour. 
Since the present work represents an example of this type, the existing theories will be 
briefly indicated. It has been suggested that: (a) Borderline cases are examples of con- 
current Syl and Sy2 mechanisms and the idea of an intermediate mechanism is rejected. 


This has been supported recently by Gold.* (6) The solvolysis reaction proceeds by way 
of ion pairs: 





ky ky ks 
RX =e RtX~ = Rt || X- meee Rt + X- 
ks 


ky ks 
Intimate Solvent separated Free ions 
ion-pair ion-pair 


This has been suggested by Winstein and his co-workers in order to explain their results. 
Substitutions can take place in all three kinds of ion and this may mask many of the criteria 
earlier used for identification of an ionic mechanism.5 (c) Syl and Sy2 mechanisms are 
only the extremes of a whole spectrum of reaction types: ® while the group X of the 


1 Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” Cornell Univ. Press, 1955, Ch. VIII. 

* (a) Taft, J. Amer. Chem. Soc.,'1952, 74, 5372; (b) Taft, Lee Purlee, Riesz, and Defazio, J. Amer. 
Chem. Soc., 1955, 77, 1584. 

% Levy, Taft, Aaron, and Hammett, J. Amer. Chem. Soc., 1951, 78, 3792. 

* Gold, J., 1956, 4633. 

5 Winstein, Clippinger, Fainberg, Heck, and Robinson, J. Amer. Chem. Soc., 1956, 78, 328. 

® (a) Streitwieser, Chem. Rev., 1956, 56, 571; (b) Dewar, Ann. Reports, 1951, 48, 121. 
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substrate is leaving, the attacking solvent molecule S approaches, and a metastable inter- 
mediate is formed, which can either exchange with the solvent or collapse to form the 
reagent or the product: 

Intermediate 


S -+ RX =e S--ee TP ée-amia X =e SR + X 
Se eeee Reese S === SR-+S 


Intermediate 


The stronger the bonds between R, S, and X in the intermediate, the more it behaves like 
the transition state in a classical Sy2 reaction; the looser these bonds, the more it resembles 
a classical carbonium ion. Several other variations on these theories have been 
postulated.7-§-% 10 

It would be worthwhile to study a chemical system, where these related reactions— 
hydrations, eliminations, and solvolysis—could be measured simultaneously and to derive 
a common mechanism connecting them. Such a system was found to be the aqueous acid 
solution of but-l-ene, but-2-ene, and butan-2-ol. It is well known that both those hydro- 
carbons are hydrated in hot dilute acid to form butan-2-ol and that under similar conditions 
the alcohol is dehydrated to an olefin. 

The following reactions were studied in detail: 

(1) Hydration of but-l-ene to butan-2-ol: 


CH,CH,CH:CH, + H,O —» CH,CH,CH(OH):CHy. 


the formation of [C)butan-2-ol from [4-C]but-l-ehe was measured by the isotopic 
dilution method; butan-l-ol was present only in negligible amounts. 
(2) Conversion of but-l- into -2-ene: 


CH,CH,*CH:CH, —» CH,*CH:CH-CH, 


the formation of but-2-ene was followed by gas-chromatography during the hydration of 
but-l-ene. 
(3) Dehydration of butan-2-ol to but-2-ene: 


CH,’CH,*CH(OH)-CH, —» CH,-CH:CH-CH, + HO 


this reaction could be studied by measuring the isomerization rate of [4-'“C}butan-2-ol to 
[1-44C}butan-2-ol, where but-2-ene was an intermediate product. 

(4) Solvolysis of butan-2-ol. The rate of the oxygen exchange of butan-2-[!8O]Jol with 
water gives a measure of this reaction: 


CH,CH,CH(8OH)-CH, + H,!*O0 —» CH,°CH,*CH("*OH)-CH, + H,!80 


EXPERIMENTAL 


Materials.—(1) [4-14C]But-l-ene was prepared by a slight modification of Regier and Blue’s 
method.'' The butene was purified in a gas-chromatographic column, with a silver nitrate- 
glycol mixture as solvent.42 Only ether and methane could be detected as impurities. Yield: 
60%, based on methyl iodide. 

(2) [4-44C)Butan-2-ol was prepared from freshly distilled ethyl iodide (3 ml.) mixed with 
0-4 mc of [2-!C]ethyl iodide (from Radiochemical Centre, Amersham) by reaction of the Grignard 


7 Winstein, Darwish, and Holness, J. Amer. Chem. Soc., 1956, 78, 2915. 
® Huckel and Tomopulos, Annalen, 1957, 610, 78. 

® Prévost, Bull. Soc. chim. France, 1957, 1489. 

1 Swain and Eddy, J. Amer. Chem. Soc., 1948, 70, 2989. 

1t Regier and Blue, /. Org. Chem., 1949, 14, 506. 

12 Bednas and Russell, Canad. J. Chem., 1958, 36, 1272. 
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reagent with freshly distilled acetaldehyde. The alcohol was purified by gas chromatography 
at 100° on a tritolyl phosphate column. The purified alcohol contained less than 0-25% of the 
isotopic isomer [1-'C]butan-2-ol as shown by the haloform reaction (see below). Yield: 65%, 
based on ethyl iodide. 

(3) Butan-2-[%O]ol was prepared according to Bunton ef al.1* by exchange between ethyl 
methyl ketone and H,?*O and reduction of the ketone by lithium aluminium hydride. The 
alcohol was purified chromatographically in the same manner as in (2). Yield: 58%, based on 
the ketone. 

(4) Chromatography of Olefins.—Most separations of butenes were done on a Burrell 
Kromotog III apparatus in a 5-m. long 4 mm.-bore copper tube, which had been filled with 
50—80 mesh crushed C 22 fire-brick, impregnated by two-fifths of its weight with propylene 
carbonate. No overlapping of the peaks occurs under these conditions; cis- and tvans-but-2-ene 
and but-l-ene can be separated at room temperature quantitatively. The flow rate was 25 
ml./min. Only the ratios between the different olefins were measured. 

(5) Haloform Reaction.—The isolation of the methyl carbon next to the hydroxyl group of 
butan-2-ol was done essentially as described by Roberts et al. A reaction time of 3 hr. 
appeared to be sufficient. If the alcohol consists of a mixture of [4-C]- and [1-'*C]-butan-2-ol, 
only the second alcohol will give rise to radioactivity in the carbon tetrabromide. Only specific 
activites were measured. 

(6) Radioactivity Measurements.—The material was combusted according to Wilzbach and 
Syke’s method ?° in a quartz ampoule, and the resulting carbon dioxide introduced into a Geiger 
counter, which was filled with a 1:10 cyclopropane—argon mixture to a pressure of 11 cm. 
Though the Geiger plateau showed a slope of about 10% per 100 v, no additional purification of 
the carbon dioxide was undertaken, and the measurements in these circumstances were 
reproducible within +2%. The activity measurement was multiplied by the number of 
carbon atoms in the molecule. 

(7) Tritium and Deuterium Analyses.—The materials were combusted as described for “C 
analyses. The water was retained instead of the carbon dioxide and reduced in a closed 
ampoule over zinc dust at 400°. The tritium was measured as hydrogen gas in a Geiger counter 
under the same conditions as the “CO,, and the deuterium analysed mass-spectrometrically. 

(8) 480 Measurements.—These were done essentially as described in ref. 16. The only 
difference was that the heating time was extended to 24 hr.at 140°. 

(9) Kanetic Measurements.—Hydration experiment. Into a 65 ml. glass ampoule were run 
56 ml. of dilute acid, the contents were frozen by quick immersion in liquid air, and the ampoule 
was connected to a vacuum line. After degassing, 150 mg. of radioactive butene were distilled 
in, and the ampoule was sealed. If freezing and warming was done by quick immersion in liquid 
air and hot water respectively, no breakage of the ampoule occurred owing toexpandingice. The 
ampoules were shaken six at a time in an aluminium block which was heated thermostatically 
to 101-4° + 0-3°. 

At various time intervals ampoules were removed and cooled in crushed ice. After im- 
mersion in liquid air, they were opened and attached to a vacuum line. By warming with hot 
water, the olefin which had not reacted could be driven out and sealed into a small ampoule, 
provided with a break-seal. The liquid phase in the ampoule was neutralized with concentrated 
sodium hydroxide solution and a fixed amount (2 or 4 ml.) of non-active butan-2-ol was added. 
After these had been mixed, non-active butene was bubbled through the solution for 5 min, The 
butanol was then distilled off and dried (K,CO,). 

(10) Isomerization-exchange Experiments.—A typical experiment is described: To 0-555N- 
perchloric acid (460 ml.) were added 1 ml. of butan-2-[%O]ol (30 atom % 40) and 0-2 ml. of 
[4-4C)butan-2-ol (200 uc/ml.), both chromatographically pure. Of this stock solution, 56 ml. 
were placed in each of eight ampoules identical with those used in the hydration experiments; 
the contents were frozen, and the ampoules evacuated and sealed. The heating and recovery 
were done as described under the hydration experiments, except that no olefin had to be 
recovered here. 

(11) Hydrogen-isotope Experiments.—These were done with a higher butanol concentration 


13 (a) Bunton, Konasiewicz, and Llewellyn, J., 1955, 604; (b) Bunton and Llewellyn, J., 1957, 3402. 
1 Roberts, Bennett, and MacMahon, J. Amer. Chem. Soc., 1952, 74, 4283. 
18 Wilzbach and Sykes, Science, 1954, 120, 494. 
‘6 Anbar, Dostrovsky, Klein, and Samuel, J., 1955, 155. 
60 
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(0-7N). Three runs were made: (i) ampoules filled with a solution 0-7N in [4-'*C]butan-2-ol and 
0-5N in perchloric acid; (ii) ampoules filled with a solution 0-7N in butan-2-ol and 0-5n in 
perchloric acid, the total solution having a tritium activity of 16 uc/ml.; (iii) ampoules filled 
with a solution 0-7N in butan-2-ol and 0-5n in perchloric acid, the total solution containing 9% 
of deuterium. 

The experiments were performed as described under the hydration and isomerization 
exchange experiments. No extra alcohol-carrier needed to be added, because sufficient alcohol 
was present in the ampoules. To remove the tritium and the deuterium from the hydroxyl 
group of the alcohol, it had to be normalized with water, until the water showed no isotope 
excess, 

RESULTS 


Conversion—H ydration.—[4-"C]But-l-ene (b,), heated in dilute acid (0-55N) at 100° in a 
closed vessel, gives the following main reaction products: [4-C]but-2-ene (b,) and two isotopic 
isomers of butan-2-ol, namely, [4-!4C]butan-2-ol (a,) and [1-!4C]butan-2-ol (a,). Fig. 1 shows a 
scheme with the main reaction steps resulting in these products. The intermediates R, and R,, 
being isotopic isomers, are as yet undefined. With the aid of the above scheme it is possible 
(see Appendix I) to derive an expression for the ratio of elimination (#_,) to substitution (,) 
of the proposed intermediate R: 


b, + 2a, 
h_o/R, = (t= be . ° . ° . ° . . (1) 


Table 1 gives the results for a typical experiment to measure this ratio. The linear extrapol- 
ation of the values of col. 8 to ¢ = 0 by the least-mean-squares method, gives the value (see 
eqn. 1) k./k, = 0-501 + 0-008. 


Fic. 1. Reaction scheme. 


* 
C—-C=C=C (b2) 





a k, 
Ry 
vf 
. * 
cmE~e-c (a;) we Mrs (a4) 
OH OH 


* Indicates C-substituted atoms. 


Hydrogen atoms are omitted for simplicity. All rate constants calculated are of first order. The 
hydrogen-ion and water activities in the appropriate cases are included in these constants. Since 
the alcohol reagent is actually the alkoxonium ion and not the butanol itself, the rate constants of 
alcohol reactions contain, in addition, the equilibrium constant of the reaction 


a + H,O+ =i C-C-C-C + H,O 


OH (OH,)* 


and the acidity. Isotope effects of *O and “C have not been taken into account. To simplify 
the scheme no distinction has been made between cis- and trans-but-2-ene (see footnote in 
Appendix IT). 


Isomerization.—lf [4-“C]butan-2-ol (a,) is heated in the same acid medium and under similar 
conditions to those in the hydration of the but-1l-ene, the alcohol concentration at first decreases 
and but-2-ene is produced until the equilibrium between the alcohol and the olefin is established. 
The alcohol (a,) isomerizes to [1-C]butan-2-ol (a,), as shown by the haloform reaction (p. 4205). 
It is possible now to derive an expression for the rate of isomerization (Aj,5m) at olefin—alcohol 
equilibrium in terms of the rates of the reaction scheme (Fig. 1) (see Appendix IT): 


ee RRS. ick ad bet oflivarss tentest OM 


Table 2 gives the results of a typical experiment. 
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The alcohol activity (col. 2) decreases during the first three measurements, owing to form- 
ation of olefin. After that the activity becomes constant within the accuracy of the: measure- 


TABLE 1. Hydration of [4-4C)but-l-ene in 0-555N-perchloric acid at 101-4°. 


But-2-ene 
Time Total [1-'*C]Butan-2-ol [4-'C]Butan-2-ol But-l-ene trans cis b, + 2a, 
(hr.) butan-2-ol (a,) (a4) (b,) (bs) a,— a 
l 10-4 0-97 9-43 87-14 0-84 1-62 0-52 
2 21-2 2-25 18-95 74-08 1-56 3°15 0-55 
3 29-7 3:32 26-38 62-35 2-92 5-02 0-63 
4 38-9 5-06 33-84 53-20 3-10 4-80 0-625 
5 46-5 6-70 39-80 44-20 4-22 5-05 0-685 
6 55-0 8-15 46°85 35-35 4-70 5-45 0-67 
7 62-2 9-95 52-25 27-25 5-00 5-50 0-72 
8 65-8 11-20 54-60 23-80 5-45 4-90 0-76 
9 75:1 13-80 61-30 15-70 4-85 4°35 0-775 
10 78-5 14-90 63-60 12-95 4-55 3-95 0-79 
ll 31-0 15-95 65-05 10-68 4-60 3°75 0-82 
12 83-0 17-40 65-60 8-65 4-90 3-40 0-90 


Cols. 2—7 are expressed as percentages of the initial quantity of but-l-ene. Col. 2is calculated from 
the specific activity of the alcohol and of the initial but-l-ene. Cols. 3 and 4 are calculated from col. 2 
and the ratio of activities of CBr, to alcohol. Col. 5 is calculated by subtracting the total of alcohol 
and but-2-ene from 100%. Cols. 6 and 7 are calculated from col. 5 and the gas-chromatographic 
results. Col. 8 is calculated from cols. 2, 3, 6, and 7. 


TABLE 2. Isomerization and °O-exchange of [4-“C)butan-2-[8O]ol at 101-4° in: 
0-555N-perchloric acid. 


Total Total 
Time alcohol CBr, 18Q-excess Time alcohol CBr, 18Q-excess 
(hr.) (counts/min.) (counts/min.) (%) (hr.) (counts/min.) (counts/min.) (%) 

0 11,760 51 1-93 35 10,680 2560 0-755 
12 11,100 925 1-41 47-5 10,500 3150 0-595 
23 11,000 1715 1-09 59 10,500 3600 0-405 

71 10,700 3900 0-283 


The numbers in col. 2 and 6 are corrected for the fact that the alcohol contains four carbon 
atoms (p. 4205). 


ment and the alcohol-olefin equilibrium is established. Thus only the last four experimental 
values were used for calculation of the rate constant: 


Risom = 5°18 + 0-12 x 10° sec. 


Oxygen Exchange.—By doubly labelling butan-2-cl with #%8O and C it was possible to 
measure the oxygen exchange with water and the isomerization to its isotopic isomer at the 
same time under identical conditions. Table 2 also gives the results of a typical exchange 
experiment. From the first-order decrease of the '8O concentration, as given in col. 4 and 8, the 
rate constant 


L 


Rexcn = 7°49 + 0-155 x 10° sec. 


was calculated. Analogously to the method of Grunwald, Heller, and Klein? (see 
Appendix III) the rate of exchange (A,x.,) can be expressed as 


wey! > er re eee 


where is the number of solvent water molecules attached to the reaction intermediate (R, 
or R,) in nearest-neighbour sites. 
Combining equations (1), (2), and (3) and introducing the results of Tables 1 and 2, we find 


k 1 
ani/f1 — =. ) — 1-93 + 0-11 
/( Risom A+ k o/h, , 


This result means that the number of water molecules in nearest-neighbour sites to the 
reaction intermediate is 2; i.e., the intermediate common to the four reactions described above, 
as postulated in the scheme Fig. 1, is found to be bound to two water molecules. 

17 Grunwald, Heller, and Klein, J., 1957 2604 
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In calculating the rate of alcohol isomerization, Rigom, this reaction was assumed to go only 
by way of reversible olefin formation. However, we cannot at first exclude the possibility of an 
isomerization by the following alternative reactions: (1) Isomerization of the intermediate R 
without the intervention of the olefin; (2) direct isomerization of the alkoxonium ion, with 
neighbouring-group assistance. Both types of isomerization are not frequently encountered 
in systems of the type in question,* and, if found, they account for only a few units % of the 
total reaction. 

In our calculations of kj,om, the inclusion of a direct isomerization of the intermediate ions 
R, and R, could not affect the final result for the number of water molecules in nearest neigh- 
bour sites. It can easily be shown that the effect of this inclusion on the ratio k_,/k, (eqn. 1) 
cancels exactly the effect on the rate constant of the isomerization (eqn. 2), and the rate of 
oxygen exchange &,,,), (eqn. 3) will not be affected at all. 

The second alternative of direct alkoxonium isomerization would be in contradiction with 
the results of Bunton e¢ al.™ (see p. 4209). 

In order further to elucidate the mechanism of the isomerization of butan-2-ol, the following 
considerations led to the measurement of the hydrogen exchange of butan-2-ol with solvent, 
which showed a hydrogen-isotope effect in the hydration of but-2-ene (see p. 4210). 

Isomerization by either mechanism (1) or (2) will be accompanied by a hydrogen-shift from 
Cys) to Cy). It has been shown * that in shifts like these no hydrogen exchange with the solvent 
takes place. If, on the other hand, the alcohol isomerization occurs by way of the olefin, every 
isomerization will give rise to hydrogen exchange with the solvent. So the isomerization of 
[4-14C) butan-2-ol was compared kinetically with the hydrogen-isotope exchange of butan-2-ol 
under identical conditions in tritium- and deuterium-containing solvents (see p. 4205). The 
results are given in Table 3. 


TABLE 3. Results of butanol-isomerization measurements in hydrogen-, deuterium-, and 
tritium-containing solvents. 


Tritium Deuterium 
Alcohol exchanged exchanged 
Time (hr.) isomerized (°%,) ~<0-5 (%) x 0-5 (%) 
24 8-2 1-5 3 
48 17-0 3-0 5-9 
72 22-5 — 8-9 


Col. 2 is calculated by comparing carbon tetrabromide activity with the total alcohol activity. 
The results of cols. 3 and 4 were corrected by a factor 2, since but-2-ene on hydration has equal chances 
to form both *C-C(OH)-CT-C and *C-CT-C(OH):C (other H atoms omitted). 
The difference between the deuterium and the tritium experiments shows an appreciable 
isotope effect, which can be calculated as follows: 


Ratio between the numbers of cols. 2 and 3 gives Rigom/ky = 5-7 
Ratio between the numbers of cols. 2 and 4 gives Risom/kp = 2-7 
These results show clearly that hydrogen exchange takes place; the ratio of deuterium- to 
tritium-isotope effect is of the expected magnitude and no evidence for isomerization by either 
mechanism (1) or (2) can be found in these experiments. Further experiments on the hydrogen- 
isotope effect are in progress 


DISCUSSION 

Summarizing the above results, we found that the ratio of elimination to substitution 
of the intermediate R is k_,/k, = 0-501, and that, from the measured rates of alcohol 
isomerization (kjo.) and of *O exchange (R,,.,,), the number of water molecules in nearest- 
neighbour sites to the proposed reaction intermediate is 2. 

The various reaction mechanisms to be considered are: a common carbonium-ion 
intermediate, different intermediates for each reaction, no intermediate at all, or a mixture 
of any of the above (such as concurrent unimolecular and bimolecular reactions). From 
the reaction scheme (Fig. 1), the only postulate to fit all experimental facts is a common 
reaction intermediate with two molecules of water in nearest-neighbour sites. 

** Cannell and Taft, J. Amer. Chem. Soc., 1956, 78, 5812. 
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In order to decide on the configuration of the intermediate and on the type of bonding 
between the water molecules and the carbon skeleton, the measured value of the elimin- 
ation to substitution ratio k_,/k, (eqn. 1) has to be considered. The bonds, it will be shown 
in the following, are of a covalent character and thus the intermediate is not a typical 
free-carbonium ion. 

Levy et al.'® found that on hydration of 2-methylbut-1- or -2-ene no interconversion of 
the olefins, but only formation of alcohol is observed. This shows that the elimination to 
substitution ratio for the intermediate—a carbonium ion in this reaction—is much smaller 
than that in the hydration of but-l-ene, where interconversion has been observed. More 
recent measurements by Boyd ™ show that the order of magnitude for the elimination to 
substitution ratio for the tertiary pentyl system is the same as that for the tertiary butyl 
system. From the values given for the latter system by Dostrovsky and Klein,** one 
calculates that the elimination to substitution ratio for the tertiary butyl ion at 100° and 
in 0-555n-acidis 0-08. This result is appreciably smaller than the experimental value found 
in the present work for the secondary butyl intermediate. 

It has been shown by Ingold! that secondary carbonium ions should have a smaller 
elimination to substitution ratio than their “ methyl-substituted ” tertiary carbonum 
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ions. This was confirmed by experiment. Since in our experiments we find a higher 
elimination to substitution ratio, we conclude that the mechanism for the secondary 
butyl compound is different from that of the tertiary pentyl compound, and therefore does 
not involve a free carbonium ion as intermediate. 

Calculating the free energies of formation for the carbonium ions in question, Moiseev 
and Syrkin ** have pointed out that, while the assumption of a carbonium ion for the 
hydration to tertiary compounds can be considered possible, this would lead in the case 
of secondary compounds to activation energies which are not in accordance with experi- 
mental results. This Jeads us to the assumption of an intermediate mechanism similar to 
those discussed by Doering and Zeiss,2* Dewar,® and Streitweiser.** Here the two water 
molecules are attached symmetrically to each side of the plane of the carbon skeleton, 
and the bonds between the water molecules and the central carbon atom in the reactive 
intermediate are of a partially covalent character. Bunton e¢ al.!* found that the rate of 
racemization of optically active butan-2-ol is twice its rate of %O exchange with water; 
each act of exchange therefore is accompanied by an inversion of configuration. This fact 
points to the symmetrical position of the two water molecules. 


” Levy, Taft, and Hammett, /. Amer. Chem. Soc., 1953, 75, 1253. 

*© Boyd, Thesis, 1959, Pennsylvania State University, U.S.A. 

*! Dostrovsky and Klein, /., 1955, 791. 

*2 Moiseev and Syrkin, Doklady Akad. Nauk U.S.S.R., 1957, 115, 541. 
*3 Doering and Zeiss, J. Amer. Chem. Soc., 1953, 75, 4733. 
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The relative free energies and the respective energies of activation for the secondary 
intermediate compared to a tertiary carbonium ion are indicated in Fig. 2. The tertiary 
carbonium ion C is more stable than the secondary intermediate R. The formation of 
tertiary alcohol is brought about by the combination of an ion and a polar molecule, which 
is considered *4 to need almost no energy of activation A,;. The formation of the secondary 
alcohol is a unimolecular decomposition of the symmetrical intermediate, which can be 
considered to need some energy of activation A,. This will tend to make A, greater than Ag. 

The elimination of the tertiary ion will, since water is not covalently bonded in the 
transition state,2,* be a unimolecular elimination of a proton from the ion. The elimin- 
ation of a proton from the secondary intermediate can, how- 


eth ever, be expected to receive some help from the neighbouring 

ds n water molecule (see inset). This would lower the activation 
H—C—C—C—-C—H energy B, for the latter process, which can be expressed as 
NM H. 4 B, < Bz, the activation energy of the tertiary carbonium ion to 

+ sH the elimination transition state. Both conditions, A, > A, and 


B, < B;, tend to give a greater elimination to substitution 
ratio for the secondary intermediate than for the tertiary ion, as was borne out by the 
experiment. This gives support to our assumption of covalently bonded water molecules. 

A further argument for this difference in mechanisms is the active part the water plays 
in the elimination of the secondary intermediate and, by the rule of microscopic revers- 
ibility, in the transition state of the hydration step as well. This is also shown by the 
absence of x-complexing in the solubility studies of ethylene and propene.*® 

The relatively high deuterium- and tritium-isotope effects found in our experiments 
(Table 3) lend further support to the suggested mechanism and the hydration transition 
state for the secondary compound discussed above. Taft e¢ al.** found only a small isotope 
effect (either positive or negative) in the hydration of olefins to tertiary alcohols. To 
explain a transition state without covalently bonded water in the hydration of olefin, they 
suggest the preliminary formation of a x-complex: 


(a) —C=C- + H,O* == -C=Cc- + HO 
H” 


followed by a rate-determining rearrangement to a carbonium ion: 


+ + 
GSE “TS 
Se r 


The small observed isotope effect is the result of compensating opposing effects in reactions 
(a) and (6). 

For the hydration leading to secondary alcohol, as in our case, no pre-equilibrium has 
to be assumed, and only the step where the C-H bond is formed has to be considered for 
the isotope effect: 


HOH D * 
+ _ 
f-c=c-c 120° ~. Cc-C—-C-C 
H,0 | 
HOH 


This is the rate-determining step in the hydration of the olefin. 

Some indication of the structure of the transition state in the hydration reaction of 
but-2-ene (above) (i.e., the transition state in the elimination reaction of the secondary 
intermediate) may also be derived from the fact that the thermodynamically less stable 
cis-but-2-ene is formed in preference to the ¢rans-isomer on elimination of the intermediate 


** Franklin, Trans. Faraday Soc., 1952, 48, 443. 
23 Lee Purlee and Taft, J. Amer. Chem. Soc., 1956, 78, 5811. 
26 Lee Purlee and Taft, J]. Amer. Chem. Soc., 1956, 78, 5807. 
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(see Fig. 3). A similar result was reported for the interconversion of normal butene on an 
acidic heterogeneous catalyst.?? * 

If a mixture of cis- and trans-but-2-ene is separated on a chromatographic column, 
which contains as solvent a saturated solution of silver nitrate in ethylene glycol,’ the 
trans-butene emerges appreciably earlier than the cis-butene. Since the glycol alone does 
not cause this separation, the silver ion is considered responsible by the formation of a 
n-complex with the double bond. The fact that the ¢vans-butene emerges from the column 
earlier then means that its x-complex with silver is less stable than that of silver with 
cis-butene. If the transition state in the elimination reaction of the butene intermediate 
resembles a x-complex between butene and hydroxonium ion, a parallel with the silver 
complexes could be drawn. The transition state for the cis-butene would then be more 
stable than for the ¢vans-butene, resulting in a greater formation rate for the former. 

By comparing rates of conversion, hydration, isomerization, and oxygen exchange in an 
aliphatic system of interrelated olefins and alcohols, we have thus been able to describe a 


Fic. 3. 
A, Total but-2-ene. 
B, cis-But-2-ene. 
C, trans-But-2-ene. 


Butene conen.(% of initial ) 





common mechanism, similar to “‘ the merged bimolecular displacement and elimination,” 
as observed by Winstein ef al.’ in an alicyclic system. This mechanism connects all 
observed reactions by a single type of a “ quinquecovalent ”’ carbonium-solvent complex 


APPENDIX I 
From reaction scheme (Fig. 1) one can derive: 
(1) db,/dé = k_,(R, + Ry) — 2h,b, 
(2) da,/dt = k,R, — kya, 
(3) da,/d¢ = k,R, — k_ga, 
Assuming stationary-state conditions for R, and R, we have 
Ry = (hgb, + h44)/ (hg + Fa) Rg = (Raby + hgdg + 'yb,)/(A-g + hy) 
Combination of eqns. (1) and (3) and substition for R, and R, gives 
(4) d(bz + 2a,)/dt = [k_ghyb, + Rgh4(4q — 4)]/(R-g + A) 
* Note added in proof. The satne preferential cis-but-2-ene formation in concentrated phosphoric 
acid and on a solid catalyst has been observed by Waag and Pines (Abs. 135th Meeting Amer. Chem. 


Society, Boston, Mass., April, 1959, 18 Q), and an identical explanation was given [personal communic- 
ation]. 


27 Lucchesi, Baeder, and Longwell, J. Amer. Chem. Soc., 1959, 81, 3235. 
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and from eqns. (2) and (3): 
(5) d(ay — a,)/dt = [Aghyb, — h_gh_q(aq — 4,))/(h-g + *y) 
Combination of (4) and (5) gives 
(6) d(b, -+ 2a,)/d(aq — ay) = [Ag + hgh g(@q — 44)/hyby)/[eg — hgh a(Gq — 4)/h 144) 
At? = 0, where a, and a, = 0, by Hopital’s rule, 


[F()/G()nno = (AE (t)/dt/dG(0)/dt},.o, 


Es + = BE (‘* 4 =) = ks 
d(a, — a) t=90 a, om a, t=<0 ky 
In most of the calculations k_, was neglected, because of its small value. Accurate calculations 


including k_, show that it affects results only to a negligible extent, if it does not cancel out 
entirely. 


equation (6) becomes 





APPENDIX II 
From Fig. 1 we define the rate of formation of [4-“C]|butan-2-ol as (3); after the but-2-ene 
(b,) * reaches equilibrium concentration db,/dé = 0, 


(bs) = ko(R, + R,)/2h, 


Using the expressions for R, and R, of Appendix I, b, in the present experiment being zero, 
we find 
(b_2)¢ = Rgh_4(@, -+ @4)/2Rok,y 


substituting RK, and (b,), in eqn. (3) and rearranging, we have 


da, h.,.he @,—@, khi,.h, ( 1) 
: a : mea -(2-a, 


a -hotkh- €. both 


(7) 


dg = @, + 4, a, being corrected for equilibrium olefin content. 
Since the experimental rate of isomerization of alcohol is given by the equation da,/dé = 
Risom($49 — @,) one obtains for the rate constant of isomerization 


Risom = h_gh_a/(h_g + hy) 


APPENDIX III 


Analogously to Fig. 1 and ref. 17, we write the scheme for the oxygen-isotope exchange with 
n nearest-neighbour site solvent molecules: 





on H,0 ; 

(n 1k, ‘4 

ROH === = | 5 HiO-R" 7, = R"OH 
(mn — 1)k, \i == 1)H,0 hs 


isotope effects being neglected. Assuming isotope tracer concentrations, ROH = a’*, 
H,"O = w*, and R = concentration of intermediate, including the alcohol-oxonium and 
acidity in k_,, we derive: 

—da*/dt = k_a* — k,R 

dR/dt = k_,fa* + (n — 1)ROH w*/H,O] — nk,R 


* (b,), is the sum of the equilibrium concentrations of cis- and trans-butene; k_, is the sum of the 
dehydration rates forming these olefins, and &, is the rate of hydration at butene equilibrium: 
hk = (Rotrans? otrans + RecisPacis)|(D2)e 
It can easily be shown that the above simplified notation does not introduce any approximations in the 
final result. 
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At steady state of R, dR/dt = 0, hence 


=? pe ROH , 
k,R =« : E + (n — 1) H,0 w | 


since at isotope equilibrium: w%/H,O = a%/ROH and w* + a* = w% + a% = const. 


—da* k ROH 
7 ee * = < * 
di 4@ = E (~ — 1) H,O u | 


1\ ROH + H,O, , P 
(8) kg (1 -- *) H,O (a* — ad) 
we find Resen = Rg (1 — In) 


Eqn. (8) in its integrated form was used for the evaluation of the exchange data. 
qn. ( g 8 


The authors are grateful to Professor E. Grunwald of the University of Tallahassee, to 
Professor F. L. J. Sixma, of the University of Amsterdam, and to Professor I. Dostrovsky and 
Dr. D. Samuel of the Weizmann Institute for valuable discussions during preparation of this 
manuscript. 
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823. Sophorose and Its Derivatives. 
By M. J. CLANcy. 


An improved preparation of sophorose from the pods of Sophora japonica 
L. is described. New derivatives (sophoritol and its nona-O-acetate, and 
sodium sophoronate) have been prepared. Additional evidence that 
sophorose is 2-O-$-p-glucopyranosyl-D-glucose is produced. 


SOPHOROSE can be obtained by the hydrolysis of kempferol sophoroside, a pigment 
occurring in the pod of Sophora japonica L.* and of stevioside, the sweet principle of 
Stevia rebaudiana Bertoni.2 It has been isolated from the acid reversion products of 
p-glucose,? from the “ hydrol”’ of sweet potato,* and from the fragmentation products 


of a pyrodextrin.5 Chemical® and enzymic’? syntheses of sophorose have also been 
described. 

The best source of sophorose is the pod of S. japonica. Sophora is a large genus of 
Leguminosee with about 75 species of world-wide distribution,® and although S. japonica 
appears to be the only species which has been used as a source of sophorose it is possible 
that others may also produce this disaccharide. 

We have improved the preparation of sophorose from S. japonica; instead of isolating 


1 (a) Rabaté and Charaux, Bull. Soc. Chim. biol., 1938, 20, 454; Rabaté and Dussy, ibid., 1938, 20, 
459, 467; (b) Freudenberg, Knauber, and Cramer, Chem. Ber., 1951, 84, 144. 

2 Vis and Fletcher, jun., J. Amer. Chem. Soc., 1956, 78, 4709. 

3 (a) Thompson, Anno, Wolfrom, and Inatome, J. Amer. Chem. Soc., 1954, 76, 1309; (b) Peat, 
Whelan, Edwards, and Owen, /., 1958, 586. 

* Aso and Shibasaki, Téhoku J. Agric. Res., 1955, 6, 159. 

5 Wolfrom, Thompson, and Ward, J. Amer. Chem. Soc., 1959, 81, 4623. 

® (a) Freudenberg, Toepffer, and Anderson, Ber., 1928, 61, 1750; Freudenberg and Soff, Ber., 1936, 
69, 1245; (b) Gakhokidze, /. Gen. Chem. U.S.S.R., 1941, 11, 117; Chem. Abs., 1941, 35, 5467; (c) Haq, 
Ph.D. Thesis, Wales, 1957. 

7 (a) Peat, Whelan, and Hinson, Nature, 1952, 170, 1056; (b) Walker, Pellegrino, and (in part) 
Khan, Arch. Biochem. Biophys., 1959, 88, 161. 

8 Dandy, personal communication. 
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kempferol sophoroside, we applied column chromatography to the mixture of sugars 
obtainable by a mild acid hydrolysis of the juice or of an aqueous extract of the pods. 

The aqueous extract of S. japonica pods contained polysaccharides (there is no previous 
record of them and studies of them are now in progress), and after their removal sophorose 
was isolated as described in an overall yield of 0-4%; previous yields reported were 0-3% 14 
and 0-08%.!% The disaccharide was identified by comparison of its 8-octa-O-acetate with 
an authentic specimen. 

Sophoritol was prepared by the reduction of sophorose with sodium borohydride,® a 
reagent to which glycosides are stable,!® and was isolated as its crystalline nona-O-acetate. 
Deacetylation of the acetate gave sophoritol as a syrup. Sophoritol isolated directly 
after reduction of sophorose was also a syrup. 

Gakhokidze ® prepared a glucobionic acid from the 2-O0-$-b-glucopyranosyl-D-glucose, 
which he had synthesised, but did not describe its properties. Our preparation of sodium 
sophoronate is, therefore, the first to be characterised. Sophorose was oxidised by the 
method of Hudson and Isbell; after chromatography on charcoal, sodium sophoronate 
crystallised with 1-5 mol. of water. 

Both sophoritol and sodium sophoronate have high Mg, values (0-77 and 1-05 
respectively). This increase of Mg when sophorose is converted into its open-chain 
derivatives, sophoritol and sodium sophoronate, where in the latter case the carboxyl group 
increases the effect, parallels that observed by Cété for fucobioses.!2 We have observed 
the same effect with glucobi-itols and glucobionates prepared from other glucobioses. 
The degree of enhancement of M,, is related to the type of glycosidic linkage.” 

Other derivatives are sophorose phenylhydrazone,” octa-O-acetyl-«-sophorose,™ 
a-acetobromosophorose,”:?:6 methyl «-sophoroside,* and methyl hepta-O-acetyl-«- 
sophoroside.™ , 

With regard to the structure of sophorose, Rabaté’s methylation studies ' of sophorose 
and of kempferol sophoroside, although incomplete, indicated the presence of a pyranose 
ring in the non-reducing moiety of the disaccharide. Because sophorose did not form 
a disaccharide osazone and reacted feebly with Fehling’s solution, Rabaté concluded that 
the p-glucose units were joined by a 1,2-glycosidic linkage, to which he assigned the 
8-configuration since the compound was hydrolysed by almond emulsin,’ an enzyme 
preparation containing a $-glucosidase.!© By a direct comparison of the «-acetobromo- 
derivatives, Freudenberg and his associates ” identified the natural compound with a 
synthetic $-1,2-glucobiose, the glycosidic linkage of which was deduced mainly from the 
fact that the disaccharide, when treated with phenylhydrazine, gave glucosazone.™ Of 
the two definitive syntheses of 2-O-8-p-glucopyranosyl-pD-glucose, one ® yielded a product 
whose properties do not agree with the accepted values for sophorose (see Table), the 
other,® a product which was insufficiently characterised; neither of these compounds was 
compared directly with the natural product. Therefore, although the structure of 
sophorose has been elaborated to a certain degree, no rigid proof of structure is described 
in the literature. As additional evidence that sophorose is 2-0-8-p-glucopyranosyl-p- 
glucose, we describe below the results of periodate oxidations of sophorose, sophoritol, and 
sodium sophoronate. 

These oxidations were carried out in 40mmM- and in 0-4mm-sodium periodate, concen- 
trations which afford a ready distinction between the reducing and non-reducing end 
of a disaccharide." In the oxidation of sophorose or its derivatives, or of sophoritol or 


® Abdel-Akher, Hamilton, and Smith, J. Amer. Chem. Soc., 1951, 78, 4691. 

10 Whelan and Morgan, Chem. and Ind., 1955, 1449; Lee, ibid., 1959, 1455. 

11 Hudson and Isbell, J. Amer. Chem. Soc., 1929, 51, 2225. 

2 Cété, J., 1959, 2248. 

13 Clancy, unpublished results. 

™ Rabaté, Bull. Soc. chim. France, 1940, 7, 565. 

4 Tauber, J. Biol. Chem., 1932, 99, 257; Pigman (Ed.), “‘ The Carbohydrates,” Academic Press Inc. 
New York, 1957, p. 575. 

16 Clancy and Whelan, Chem. and Ind., 1959, 673. 
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Properties of sophorose and octa-O-acetyl-8-sophorose obtained from various sources. 
Sophorose monohydrate Octa-O-acetyl-f-sophorose 
M. p. {«]p in H,O * M. p. {a]p in CHCl, Ref. 
Present work 196—198° +19-1° 193—194° —3-2° 
Sophora japonica 195—196 22-6 — 
Sophora japonica — 18-6 192 —2:8 
Sophora japonica 195—196 20 t — 8 
Stevia rebaudiana — 192 
Acid + glucose - ~— 191—192 ¢ —3-8 
“ Hydrol ” -- 188 -- 
Pyrodextrin — 186 _— 
Chemical synthesis (Freudenberg) 180 192 —3-8 


- (Haq) we 

Almond emulsin + glucose 

Acetobacter rancens enzyme +- 
glucose - 26 189-5 —8 


* Equilibrium value. + Anhydrous. { Corr. 


9: 

om (Gakhokidze) 176—178 27: 189—190 — 40-5 
- 1 
8 


189-5 —3 


sodium sophoronate, especially by 0-4mmM-periodate, it is to be expected that the large 
reducing end-group will have a steric effect !7 on the oxidation of the non-reducing end; the 
amount of periodate reduced by the non-reducing end should be considerably less than that 
reduced by methyl $-p-glucopyranoside (0-25 mol. after 7 hr. in 0-4mmM-periodate 1*). The 
results obtained with sophorose in 0-4mM-periodate, namely, 1-5 mol. of oxidant consumed 
and 0-3 mol. of formaldehyde liberated after 7 hr., are, therefore, almost wholly due to 
oxidation of the reducing end and are consistent with a 2-substituted p-glucopyranose. 
Sophoritol yielded 1 mol. of formaldehyde with 0-4mm- and 40mm-periodate, but consumed 
2-8 mol. of oxidant in the dilute periodate and 5 mol. in the more concentrated periodate 
(7 hr.); these results are in agreement with expectation (1, 3, and 5 mol., respectively) for 
a 2- or 5-O-p-glucopyranosyl-D-glucitol. A distinction between these alternatives is 
afforded by the oxidation of sodium sophoronate in 0-4mM-periodate: in this experiment, 
1 mol. of formaldehyde was liberated and 3 mol. of oxidant were consumed in 1 hr., which 
excludes a 1,5-glycosidic linkage. Finally, the $-configuration of the glycosidic linkage 
is confirmed by the low rotation ({«],, —18-6°) of sophoritol (2-O-«-p-glucopyranosyl-p- 
glucitol has {«],, +81° 18), and by hydrolysis of sophorose to glucose by almond emulsin. 
It is, therefore, rigidly proved that sophorose is 2-O-8-p-glucopyranosyl-D-glucopyranose. 


EXPERIMENTAL 


General Methods.—Adsorption chromatography was carried out on columns of equal parts 
by weight of B.D.H. activated charcoal powder and Celite 535,!® which were thoroughly washed 
with water to remove acidic impurities before use. 

Paper partition chromatography by the descending technique ”° was carried out on Whatman 
no. 3MM paper, which has a large capacity and so facilitates detection of traces of impurities. 
The following solvent systems were used: (a) butan-l-ol-acetic acid—water (4: 1:5 v/v),74 
and (b) ethyl acetate—pyridine—water (10: 4:3 v/v).2* The spraying reagents were aniline 
diphenylamine,”* silver nitrate-sodium hydroxide,** alkaline triphenyltetrazolium chloride.” 
R,,, is the rate of travel relative to glucose. 

lonophoresis ** was carried out in borate buffer at pH 10; reducing sugars were detected 


Garner, Goldstein, Montgomery, and Smith, J. Amer. Chem. Soc., 1958, 80, 1206. 
Barker, Gémez-Sanchez, and Stacey, /., 1959, 3264. 
Whistler and Durso, J. Amer. Chem. Soc., 1950, 72, 677. 
Consden, Gordon, and Martin, Biochem. J., 1944, 38, 224. 
Partridge, Biochem. J]., 1948, 42, 238. 
Whistler and Hickson, Analft. Chem., 1955, 27, 1514. 
Buchan and Savage, Analyst, 1952, 77, 401. 
Trevelyan, Procter, and Harrison, Nature, 1950, 166, 444. 
*> Wallenfels, Naturwiss., 1950, 37, 491. 
Foster, Adv. Carbohydrate Chem., 1957, 12, 81. 








4216 Clancy: Sophorose and Its Derivatives. 


with the aniline-diphenylamine spray,** and non-reducing materials with the periodate- 
benzidine spray.”’ 

All solutions were evaporated under reduced pressure below 40°. 

Oxidations were carried out in amber bottles at room temperature in 40mm- and in 0-4mm- 
sodium metaperiodate.%* Periodate consumption was measured by oxidation of acidified 
potassium iodide,** and formaldehyde by chromotropic acid.” 

Isolation of Sophorose.—Dried pods (730 g.) of S. japonica and water (2 1.) were heated on a 
boiling-water bath for 20 min. The softened fruit was then pulverised in a Waring blender to 
give a slurry from which the seeds were easily separated; these were discarded. Water (2 1.) 
was added to the slurry and the mixture again heated on a boiling-water bath for 20 min. The 
cooled mixture was centrifuged and the residue was washed with sufficient water to make a thin 
slurry and was then re-centrifuged. The combined supernatant liquids (about 6 1.) were 
concentrated to about 11. The concentrated solution was centrifuged at 7500 r.p.m. to remove 
fine particles and the clear supernatant liquid further concentrated to about 400 ml. The 
concentrate, a very dark brown solution, was added dropwise with stirring to ten times its 
volume of absolute ethanol. The precipitate, which included polysaccharide material, was 
removed on the centrifuge. Addition of diethyl ether (500 ml.) to the supernatant liquid 
precipitated more polysaccharide, which was removed in the same way. The clear super- 
natant liquid was concentrated to a yellow syrup (140 g.), which was heated in 22-5mn-sulphuric 
acid (8 1.) on a boiling-water bath for 1 hr. The hydrolysate was neutralised while still hot 
with 0-4N-barium hydroxide, filtered, and concentrated to about 750 ml. This solution was 
adsorbed on a charcoal—Celite column (78 x 7-5 cm.), which was eluted first with water (10 1.) 
and then by gradient elution with aqueous ethanol (V = 201., and X = 0-25 in the formula of 
Alm, Williams, and Tiselius **), Fractions of 500 ml. were collected and the elution pattern 
of the column was established by analysing 1 ml. of each fraction for sugar by the phenol 
sulphuric acid method.*! Fractions within a given peak were combined and concentrated. 
Portions of the solid residues from each peak were analysed on chromatograms with solvent b. 
Sophorose was the disccharide component which reacted’ strongly with the aniline—diphenyl- 
amine spray, slowly with the silver nitrate-sodium hydroxide spray, but not with the alkaline 
triphenyltetrazolium chloride spray.** m 

The first peak (fractions nos. 5—20), with water, was due to a mixture (67 g.), mainly of 
approximately equal amounts of glucose and fructose. The second peak (fractions nos. 32—40), 
at about 5% ethanol, was due to a mixture (834 mg.) of an unidentified disaccharide and 
sophorose. Crystalline sophorose (3 g.) was obtained from the eluate of the third peak 
(fractions nos. 41—52), at about 7% ethanol. Subsequent peaks (fractions nos. 53—61, 214 
mg., and 62—90, 904 mg.) contained some sophorose and various unidentified oligosaccharides. 

Sophorose, recrystallised from 80% (v/v) aqueous methanol in long needles (2-8 g.), was 
chromatographically pure and had [a],!° +19-1° (in H,O; c¢ 1-2) (stable), m. p. 196—198°, 
Mg 9-26 (lit.,2* Mg 0-24), Rg, 0-51 and 0-61 in solvents a and b respectively. 

Enzymic Hydrolysis of Sophorose.—To the sugar (10 mg.), dissolved in water (1 ml.), was 
added 2% (w/v) aqueous almond emulsin (0-25 ml.), and the mixture was incubated under 
toluene for 48 hr. at 30°. The digest was then examined by paper chromatography in solvents 
a and b. Sophorose, laminaribiose, and cellobiose were each hydrolysed to glucose, while 
maltose and methyl «-p-glucopyranoside were unaffected. 

Octa-O-acetyl-8-sophorose.—Sophorose (250 mg.) was acetylated with sodium acetate—acetic 
anhydride. The product, worked up in the usual way, gave a chloroform-soluble syrup, 
which after two crystallisations from ethanol gave crystals (184 mg.) having [aJ,!° —3-2° (im 
CHCI,; c 2-5), m. p. 193—194° undepressed on admixture with an authentic specimen kindly 
provided by Dr. W. J. Whelan. 

Nona-O-acetylsophoritol—Sophorose (200 mg.), dissolved in water (20 ml.), was added to 
1% (w/v) aqueous sodium borohydride ® (20 ml.) and kept at room temperature for 48 hr. 
The pH of the mixture was then adjusted to 4-8 with 9-1n-sulphuric acid and the whole 

27 Cifonelli and Smith, Analyt. Chem., 1954, 26, 1132. 

*8 Hughes and Nevell, Trans. Faraday Soc., 1948, 44, 941. 
rs Frisell, Meech, and Mackenzie, J. Biol. Chem., 1954, 207, 709; Clancy and Whelan, unpublished 
work, 

%® Alm, Williams, and Tiselius, Acta Chem. Scand., 1952, 6, 826. 
%t Dubois, Gilles, Hamilton, Rebers, and Smith, Analyt. Chem., 1956, 28, 350. 
82 Bell and Dobonder, J., 1954, 2866; Feingold, Avigad, and Hestrin, Biochem. J., 1956, 64, 351. 
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evaporated to dryness. The residue was further dried in vacuo at 56° overnight and then 
acetylated with sodium acetate—acetic anhydride. The chloroform-soluble syrup (230 mg.), 
isolated in the usual way, deposited crystals from ethanol, which after one more crystallisation 
yielded pure nona-O-acetylsophoritol (142 mg.), {a],2° —21° (in CHCI,; ¢ 2-5), m. p. 151—152° 
(Found: C, 49-0; H, 5-9; Ac, 53-3. Cy 39H4.Og9 requires C, 49-9; H, 5-9; 9Ac, 53-6%). 

Sophoritol_—(a) Nona-O-acetylsophoritol (119 mg.) was de-O-acetylated with dry methanol 
saturated with ammonia ** (15 ml.). The product (63 mg.) was the uncrystallisable sophoritol 
and was chromatographically pure. It had [a],2* —18-6° (in H,O; c 0-75), the concentration 
being determined by the method of acid hydrolysis to glucose.*4 

(b) Sophorose (51-2 mg.) was reduced as described in (a). The mixture was then percolated 
through a column (7 x 1-2cm.) of Amberlite 1R-120 (H*) ion-exchange resin, which was washed 
with water until the eluate contained no more carbohydrate [tested with a 0-2% (w/v) solution 
of anthrone in concentrated sulphuric acid **}, The combined eluates from the column were 
freed from boric acid by repeated addition and distillation of methanol. The final ethanol- 
soluble syrup (49-8 mg.), which did not crystallise, was identical with that of (a) when examined 
by paper chromatography and by ionophoresis. The alcohol had [a],,2° —18-2° (in H,O; ¢ 0-2) 
(concentration determined by acid hydrolysis to glucose *), Mg 0-77, Rg 0-51, and 0-57 in 
solvents a and b respectively. 

Sodium Sophoronate.—Bromine (0-13 ml.) was added to a solution of sophorose (240 mg.) 
and barium benzoate (400 mg.) in water (10 ml.), and the oxidation was conducted in the dark 
at room temperature for 48 hr.11_ The excess of bromine was removed by cautiously adding 
98—100% formic acid dropwise to the reaction mixture. The colourless mixture was then 
treated with 10% (w/v) aqueous sodium sulphate (5 ml.), and the precipitated barium sulphate 
and benzoic acid were filtered off. The clear filtrate was adjusted to pH 6 with 3Nn-sodium 
hydroxide and evaporated. The solid residue was dissolved in water (5 ml.) and adsorbed on 
a charcoal—Celite column (44 x 2 cm.), which was then eluted with water. Inorganic salts 
were removed in the first litre of the eluate (tested with silver nitrate solution), and sodium 
sophoronate in the next 1-5 1., which was concentrated to a syrup. This syrup was extracted 
with 80% (v/v) aqueous methanol, filtered, and concentrated to a syrup (190 mg.), which 
crystallised from aqueous ethanol. The large crystals of hydrated sodium sophoronate (154 mg., 
73%) had [{a],,2° —4-2° (20 min.) —» —5-1° (in H,O; ¢ 1), m. p. 199—200° decomp.), Mg 1-05 
Rg 9-40 and 0-13—0-17 (a double spot) in solvents a and b respectively [Found: C, 35-1; 
H, 5-8; loss at 85° in vacuo over P,O; in 18 hr., 6-6 (constant). 3C,,H,,O,.Na,2H,O requires 
C, 35-4; H, 5-9; H,O, 6-6%)]. 


The author is grateful to Dr. W. J. Whelan for his advice and interest, Miss Patricia Landau 
for technical assistance, Officials of the Natural History Museum and of the Royal Botanical 
Gardens for information on Sophora, Captain Neil McEachern of the Villa Taranto Gardens, 
Pallanza, Lago Maggiore, Italy, for a supply of pods, and the Department of Scientific and 
Industrial Research for a Special Research Grant. 
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33 Fischer and Bergmann, Ber., 1917, 50, 1047. 
34 Pirt and Whelan, J. Soc. Food Agric., 1951, 2, 224. 
3% Drewood, Analyt. Chem., 1946, 18, 499. 
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824. The Reactions of Alkyl Radicals. Part VII.* t-Butyl 
Radicals from the Photolysis of Pivalaldehyde. 
By R. N. Brrrett and A. F. TROTMAN-DICKENSON. 


The photo-initiated chain decomposition of pivalaldehyde, alone and 
when mixed with ethylene, has been studied. A mechanism that accounts 
for the rates of formation of the principal products has been constructed. 
On the assumption that the rate constant for the combination of t-butyl 
radicals is given by log k (mole cm.’ sec.4) = 14-0, the following Arrhenius 
parameters of the principal rate-determining reactions have been found: 


log A E 
2C LH, ——Be> CaHg + Cog — ..2.2 ce eeccrccccccccccccccccecs 14-64 0 
C,H, + C,H, CHO ——» C,H,, + C,H,CO _............. 10-5 4-3 
C,H, + C,H,,CHO —+ C,H,, + C,H,°CHO _.......... 11-9 10-0 
oe ES EE erie ener eee 16-3 43-6 
lg MCR RSI, Miccehicdetajaasnssisecvcatediscnecse 16-0 46-3 
Corl i Co er Ghee i vesctcsevccesesssansesaccsessnsteee 11-2 71 


where k and A are in units of mole cm.? sec."!, or sec.“!, and E is in kcal. 
mole. The behaviour of t-butyl is compared with that of other radicals. 


EARLIER papers in this series described the reactions of ethyl,! n-propyl,” isopropyl, and 
n-butyl‘ radicals produced in the photo-initiated chain decompositions of the appropriate 
aldehydes. This paper describes a parallel study of t-butyl radicals from pivalaldehyde. 
The photolysis of this aldehyde has not previously been studied in detail nor is much 
known about t-butyl radicals. 
EXPERIMENTAL 

The apparatus and procedure were substantially the same as those previously employed 4 
except that the cell was illuminated by a 250-watt lamp focused by a quartz lens. The pival- 
aldehyde was prepared by a modification of the Bouveault method ® and purified by passage 
through a wide-bore gas-chromatographic column. Its purity was proved by gas chrom- 
atography and by the nature of the photolytic products, which were analysed by low-temper- 
ature distillation followed by gas chromatography. 


RESULTS AND DISCUSSION 
Table 1 gives the conditions, products, and rate constants derived from the runs. 
The results show that all the reactions listed below occur during the photolysis. 


eee (CH)C+CHO .. 2.6... ss @ 

(CH,),C°CHO + hv <——= (CH,.)JCH+ CO . . - 2... . & 
Leolt CHL + Ci +O . . jn? 

po Aa ey ee 
ae a ee: | 

C,H, + CoH CHO —B CH + CHyCO........ @ 
C,H,-CO —e C,H, + CO poe tle in ah hig 

CaHy + CyHy> CHO —— Bm CyHig + CyHyCHO . . . ~~... (4) 
C,HeCHO—& C,H,+HCO ...... +. (4a) 

HCO ++ C,H,CHO ——w> H,CO+ C,H»CO OC CwtCiwtCwtwte C48) 
eee 

H + C,HsCHO — H,+C,H,CO........ =. (4d) 
CyH, —> H + GyH, (5) 

Cheam OAAGM «6. cee ee ww oi Oe 

CH, + CyHy>CHO ——w CH, + CyHCO ww ee eee 6) 
ne? 


* Part VI, Birrell and Trotman-Dickenson, J., 1960, 2059. 


Kerr and Trotman-Dickenson, J., 1960, 1611. 

Kerr and Trotman-Dickenson, Trans. Faraday Soc., 1959, 55, 572. 
Kerr and Trotman-Dickenson, Trans. Faraday Soc., 1959, 55, 921. 
Kerr and Trotman-Dickenson, J., 1960, 1602. 

* Kraus and Calvert, J. Amer. Chem. Soc,, 1957, 79, 5921. 
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TABLE 1. Photolysis of pivalaldehyde. i 

Run Temp. Time C,H, ky ky 

no. (°k) sec.) [R‘CHO] CO a, Ch Tol Ci, cm, 5, ki 

18 300 3000 3-04 59-6 0-47 0-70 22-0 51-8 3:47 6-34 5:3 

17 330 3600 2-37 53-3 1-24 0-77 14-8 49-8 3:28 4-53 8-2 

10 366 3600 2-55 52-7 106 O83 10-8 47:1 258 4-27 8-9 

20 402 8700 0-47 14-3 0-37 0-22 202 106 050 406 25-8 

24 402 4200 1-56 59-4 1:83 1-14 96 487 250 384 158 

16 = 405 4200 1-57 53-8 202 1-09 891 435 216 413 15-0 

9 408 3060 2-18 67-0 210 183 105 539 226 464 16-4 

19 413 3600 0-41 14-8 0-39 0-63 242 112 0-61 4:06 27-4 

13 439 2400 2-11 88-3 3°37 1-22 14-6 72-4 3-23 4-53 15-3 

8 448 3000 1-50 45-2 1-50 1-04 6-40 51-6 1-44 4-43 25-6 

23 456 2460 1-43 79-2 2-39 1-61 12-9 68-8 2-99 4-31 22-6 

ll 481 1860 1-33 105-7 656 161 149 60:7 345 432 185 

28 485 1800 1-48 121 5-18 2-67 16-4 100 3-78 4-35 29-1 

30 503 1800 1-30 159 480 210 164 104 384 430 34-4 

12 515 1200 1-54 173-2 3-67 1-32 24-5 105-4 2-92 30-8 

22 523 1200 1-31 78-4 2-26 0-66 14-6 60-8 1-63 32-1 

15 546 720 1-36 172-6 8-0 1-20 29-7 126-1 2-23 47°5 

25 562 900 1-15 179-0 5-35 2-95 21-7 146-5 3-83 52-8 

29 585 900 1-15 186 5-73 4-04 21-6 181 3-52 74-0 ! 
26 659 420 1-04 341 13-2 5-4 70-0 258 2-13 123-9 j 
38 666 360 0-91 440 34-6 7-9 110 307 ~ ~ 110(X) ! 
27 696 300 0-99 547 48-3 10-7 173 362 ~ ~ 126(X) 4 
33 698 300 1-01 523 58-6 9-8 201 332 ~ ~ 126(X) s 
36 708 240 0-88 828 29-2 17-3 272 332 ~ 132(X) “ 
37 732 150 0-93 1510 233 45-2 640 414 ~ 148(X) v 
35 735 90 0-89 ° 1990 372 61 968 552 ~ ~  148(X) . 
31 742 180 0-88 1615 269 65-8 819 424 - - 155(X) 

39 781 60 0-86 7440 1325 663 4030 813 ~ 178(X) i 
34.797 60 0-77 8080 1543 772 3910 567 ~ ~  191(X) i 

C,H, (tot.) i 

Run C,H, (tot.) k hy , hg — C,H, (4a) As ke : 
no. C,H, (2) —C,H, (2) C,Hy,t kit kt” Ryt C,H, (4a) — C,H, (2) &t 83H, yt ' 
18 - — -- — — — — — —_- — t 
17 . - _ _ _ =e a : 
10 — - -— —- -- _ -- - - 
20 fies rool es am “ . -n 

24 . _ . — — — — —- —_— — 

16 _- — — — — — — —_-_ — 

9 — — — — — — — — _ — 

19 —_ _ _ _ _ — _ —_-_ —_ — 

13 _ — — — — —_ - 

8 . ‘ia = abi ite Bai said = 

23 - — — — — _- —- = 

1 os ae sant a —_ - a om! Dee 

28 . — —_- — = 

30 . a on . am mes ee 

12 12-9 11-6 1-71 4-43 — — — - _ 

22 717 7-43 1-28 4-42 — - _ 

15 9-80 19-9 1-49 9-81 — — — 

25 =. — . — — — - - —_-_ — 

29 — — — — — — — _ — 

26 9-40 60-6 1-46 39-8 - — — — 

38 - - 2-24(X) 40-7(X) 151 83 18 8-1 

27 - - 2-02(X) 56-2(X) 182 112 60 29-7 —- —- 

33 - - 181(X)  57-5(X) 183 105 88 “ao; —- — 

36 1-92(X) 64-6(X) 197 109 155 80-6 - 

37 - 1-94(X) 81-3(X) 229 147 484 249 -- -- 

35 - - 2-74(X) 83-2(X) 231 203 755 276 -- _- 

31 _ — 1-96(X) 91-2(X) 246 158 660 337 434 22-1 

39 — 3-08(X) 129 (X) 307 342 3675 1192 330 =106-9 

34 — -- 2-18(X) 148 (X) 339 249 3652 1676 434 198-2 





Footnote to Table 1 
Rates of formation of all products are given in units of 10!2 mole cm.-* sec.~!. 
R-CHO is the mean concentration of the pivalaldehyde in units of 10° mole cm.~*. 
ky/k,t and k,/k,t are in units of molet cm.3 sec.-t; k,/k,t and h,/k,t are in units of mole-t 
cm." sec.~4. 
(X) indicates a calculated value. 
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Deductions may be made about the rate constants of the reactions designated by a simple 
number. 

Some other reactions, such as the attack of hydrogen atoms and methyl radicals on 
the alkyl group of the aldehyde, must occur but the postulated reactions account so well 
for the observed products that it can safely be said that the other reactions are of 
secondary importance. 

The Photolytic Act (a), (b) and (c).—The primary process in the photolysis of pival- 
aldehyde has not previously been investigated. The present results indicate that. about 
half the number of molecules that yield carbon monoxide yield isobutane directly (). 
A small amount of methane is always formed, presumably by reaction (c). These findings 
are in keeping with observations on other aldehydes, for all of which reactions of type (c) 


Arrhenius plots for the reaction of t-butyl. 
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(2) Disproportionation k,/k, (the scale at the top right-hand corner refers to this plet); (3) abstraction 
of aldehydic hydrogen, &,/k,! (mole-t cm.3, sec.~#); (4) abstraction from alkyl group, #,/k,+ (mole+ 
cm.3 sec.-#); (5) decomposition to isobutene and a hydrogen atom, 10*%,/k,+ (molet cm.-3 sec.4); 
(6) decomposition to propene and a methyl radical, 10%,/k,+ (mole? cm.-3 sec.-#); (7) addition to 
ethylene, 4,/k,+ (mole~t cm.3 sec.~4). 


are responsible for about 2—3% of the decomposition. It appears to be a general rule 
that the importance of the direct split into a hydrocarbon and carbon monoxide ()) 
increases with increasing substitution on the a-carbon atom. Such branching both in 
aldehydes and in ketones reduces the formation of small olefinic fragments. Branching 
produces ketones that split simply into radicals because reactions analogous to (b) can- 
not occur. 

Combination of t-Butyl Radicals (1).—This reaction is the source of 2,2,3,3-tetramethyl- 
butane in the products, which is formed according to the equation Ry j;,, = k,{CyHg}’. 
No attempt has been made to measure the rate constant by the rotating sector method 
although the photolysis of di-t-butyl ketone would appear suitable for the application of 
this technique. For purposes of the description of the experimental results, it has been 
assumed that log k, (mole cm.’ sec.!) = 14-00. 

Disproportionation of t-Butyl Radicals (2).—Ten runs that provide direct information 
on kg were carried out between 27° and 230° with concentrations of aldehyde between 1 
and 2 umole cm.*. Direct comparison of the rates of formation of isobutene and the 
octane gave the disproportionation: combination ratio k,/k, = Ro,y,/Re ay, where 
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Ro, is the rate of formation of isobutene. The logarithms of this ratio are plotted 
against the reciprocal temperature in the Figure, whence it can be seen that E, — E, = 0 
and A, = 4:38A,. Therefore log k, (mole! cm.3 sec.) = 14-64. 

The value of E, — E, = 0 is in agreement with previous work on the larger alkyl 
radicals. The only exception reported is the disproportionation of n-butyl radicals that 
has a small activation energy. 

The value of A,/A, = 4°38 is in excellent agreement with that of 4-59 obtained by 
Kraus and Calvert * from the investigation of the photolysis of di-t-butyl ketone. More- 
over, it is in keeping with the value of the cross combination : disproportionation ratio for 
methyl and t-butyl radicals found by Kerr and Trotman-Dickenson.* Boddy and Robb? 
gave 2-2 as the value of this ratio. Their radicals were produced by the mercury-photo- 
sensitised addition of hydrogen atoms to isobutene. This procedure has two dis- 
advantages. The radicals when first formed are very excited vibrationally and may not 
behave like radicals in thermal equilibrium with their environment. Also, it is very 
inconvenient to have to follow disproportionations by determination of the saturated 
products, for these may come from abstraction reactions when a reactive compound such 
as isobutene is present in high concentration. Accordingly, the low value may be rejected 
in favour of the value obtained with aldehydes and ketones. 

Abstraction of Hydrogen Atoms from Pivalaldehyde (4).—Above 240° the rate of form- 
ation of isobutene rose sharply. The temperature is too low for any decomposition of the 
t-butyl radical. The extra isobutene can be satisfactorily accounted for by reaction (4) 
followed by (4a). Hence, , 


C,H, (reaction 4a) = C,H, (total) — C,H, (reaction 2) 
= (C,H, (total) — 4-38C,H,, 


where the reactions in parentheses are those by which the products are formed. Therefore, 
Rogu,, (reaction 4) = Roy, (reaction 4a) = k,[C,H,}[(C,Hy*CHO] 
and k,/k,*t = Rox, (reaction 4a)/Ro s,,*(CyH CHO) 


The values of this ratio plotted in the Figure yield log k, (mole? cm.® sec.) = 
11-9 — 10,000/2-3RT. Both the A factor and the activation energy are reasonable and 
are close to the values for the attack of methyl radicals on acetone. A knowledge of k, is 
chiefly important in order that the necessary small corrections may be applied when 
other rate constants are calculated. The rather large probable error in the determination 
is not too serious. Reaction (4b) must be postulated as a means of removal of formyl 
radicals in addition to reaction (4c) because less hydrogen than isobutene is always formed. 
Reaction (4b) may be exothermic, but too little is known of the strengths of bonds in 
aldehydes to estimate the amount. Reasonable values of the Arrhenius parameters would 
correspond to the consumption of more formyl radicals by reaction (45) than by (4c). 

Abstraction of Hydrogen Atoms from Pivalaldehyde (Reaction 3).—According to the 
mechanism the rate of attack of t-butyl on the carbonyl hydrogen atom in pivalaldehyde 
can be taken as 

Rew, — Rog, (reaction 4a) — Ro,x, (reaction 2) 


Hence, k/k,t = Rf{on,, — Row, (reaction 4a) — Roy, (reaction 2)}/Ro,n,,3(CyHyCHO}. 
k,/k,* was determined in nineteen runs between 27° and 386°. Below 240° the production 
of isobutene by reaction (4a) was negligible. The Arrhenius plot is shown in the Figure. 
The results between 60° and 386° with aldehyde concentrations between 1 and 2 umole cm.* 
yield 

log k, (mole cm.’ sec.) = 10-5 — 4300/2-3RT 


® Kerr and Trotman-Dickenson, J., 1960, 1609. 
7 Boddy and Robb, Proc. Roy. Soc., 1959, A, 249, 518. 
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Runs 19 and 20 at aldehyde concentrations of about 0-4 umole cm. yielded rate constants 
that were almost a factor of 2 too large. Furthermore, the Arrhenius-plot curves at low 
temperatures give unduly large rate constants. These findings could be accounted for if 
considerable amounts of isobutane were formed in the primary process (reaction b). The 
Arrhenius plot could be improved by the introduction of a correction based on this 
supposition, but the procedure was not adopted because it is too arbitrary until more has 
been learned of the primary process. Even without a correction the rate constants at the 
higher temperatures and concentrations should be fairly reliable. FE, is probably under- 
estimated. 

Decomposition of t-Butyl to Isobutene (Reaction 5).—Above 390° the rate of formation of 
isobutene rose sharply. This was attributed to reaction (5) and hence, 


k;/k,* = {Row, — Row, (Reaction 4a) — Rox, (reaction 2)}/Ro,n,,3 


The results are plotted in the Figure. The amount of the tetramethylbutane formed at 
the highest temperatures comprised a very small proportion of the products and had to be 
calculated from the yield of isobutane and k,, ks, and ky. It was found that 


log k; (sec.*) = 16-3 — 43,600/2-:3RT 


The activation energy is of the expected size, but the A factor is unusually high. The 
result is generally in good agreement with that derived ® from Bywater and Steacie’s 
study ® of the decomposition of butyl radicals formed by the mercury-photosensitised 
decomposition of isobutane, which yielded: log k, (sec.) = 15-7 — 40,000/2-3RT. Their 
method suffered from uncertainty as to the nature of the butyl radicals formed. 
Decomposition of t-Butyl to Propene (Reaction 6).—Above 470° considerable propene 
was formed, accompanied by a corresponding increase in methane. This could be 
explained by the occurrence of reaction (6) whose rate constant could be derived from: 


Rel ky* = Rou! Ron, ae Reu,/Rox,+ 


The amount of the tetramethylbutane again had to be estimated. The points plotted in 
the Figure are derived from Ro,y, as it was more reproducible than Roy, The expression 
for k, (sec."'), log kg = 16-0 — 46,300/2-3RT, is based on only three runs; consequently 
the values of the parameters are doubtful. Bywater and Steacie’s expression ** log k, = 
8-5 — 18,500/2-3RT is not to be relied upon as their propene was probably formed by the 
decomposition of the isobutyl radical. 

Addition of t-Butyl to Ethylene (Reaction 7).—When ethylene is admitted to the reaction 
vessel, reaction (7) takes place. This is largely followed by (7a) if the concentration of 


C,H, + CaH, = Coys a a ae oe oe oe ee (7) 
CoHig + CgH CHO = CH, +CH CO ...... . Ge) 
ethylene is double that of pivalaldehyde, but about 10°% of the hexyl radicals add a further 


molecule of ethylene and subsequently form octane. A correction of 1% must be made to 
allow for the hexyl radicals that finally form decane. Some hexyl radicals dimerise, 
combine with t-butyl, and disproportionate. The amounts of the corresponding products 


were small and were not determined. Hence: 
k,|k $= Ritexy! products/Ro,n,,! (C,H,) 
where Ryfexyi products = 1-15Roegz,,. The points plotted in the Figure correspond to: 
log k, (mole cm.’ sec.) = 11-2 — 7100/2-3RT 


Effect of Structure on the Reactivity of Alkyl Radicals.—The results that have been 
reported in this series of papers together with a few obtained by other workers are 


8 Trotman-Dickenson, ‘‘ Gas Kinetics,’’ Butterworths, London, 1955, p. 303. 
® Bywater and Steacie, J. Chem. Phys., 1951,.19, 172. 
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summarised in Table 2. The rate constants determined near the centre of the experi- 
mental temperature ranges are the most reliable quantities. When two reactions of the 
same kind have similar rate constants but different Arrhenius parameters it is likely that 
the parameters are in error. 

Disproportionation Reactions.—Several workers have pointed out the regularity of the 
variations between the rate constants for the disproportionation and combination of 
propyl and butyl radicals.4> The simple proportionality can be best understood if the 
assumption is made, as it is here, that all the combination reactions occur at the same rate. 


TABLE 2. Reactions of alkyl radicals. 


Radical, R Et! Pr= Pres Bu" 4 Bu*¢ But 
Reaction 
BE OG Mla ndde wivelsguusosisedencaatineetes 14-0, 0 14-0, 0 14-0, 0 14-0, 0 14-0, 0 14-0, 0 
100° 14:0 14-0 14-0 14:0 140 14-0 
2R = Alkane + Alkene ............. 13-2, 0 13-2, 0 13-8, 0 14-6, 1:3 14-3, 0 14-6, 0 
100° 13-2 13:2 13:8 13:9 143 146 
R + R-CHO = RH + RCO ...... 11-1,5-9 11:3,6-7 11-3,6:3 10-9,5-4 10:7,49 10-5, 43 
182° 83 8-1 83 83 8:3 , 
CH, + R°CHO = CH, + RCO®... 12-0, 7:5 11-8, 7-3 = 12-6, 8-7 ~=—:12-1, 8-0 -—-:13-1, 10-4 13-0, 10-2 
182° 8-2 83 8-4 8-2 8-2 8-2 
ee ee ee ree 140,40 13-6,35 13-8, 37 - -- 16-3, 44 
400° 11 2:2 18 - — 2-2 
R = CH, + Alkene ...............00. -- 11-7,25 120,33 12-1,27 11-7,24 16-0, 46 
400° — 35 1-0 33 3-9 10 
R = C,H, + Alkene.................. — — — 11-2, 22 — — 
400° —_ — — 41 — — 
B+ CH, = Radical ............... 12-:1,8-6 109,65 114,69 11-1, 7-3 — 11-2, 7-7 
142° 76 75 78 73 a 75 
The A factors (log, in ordinary type) and the rate constants (log, in bold type) are in sec.“! or 
mole“! cm.’ sec.-'. The activation energies (italics) are in kcal. mole. 
* Gruver and Calvert, J]. Amer. Chem. Soc., 1956, 78, 5208. Birrell and Trotman-Dickenson, /J., 


1960, 2059. 


Abstraction Reactions.—If the assumption made about the combinations is correct, 
then the reactions by which alkyl radicals abstract carbonyl hydrogens from their parent 
aldehydes all proceed at the same rate. This is unexpected because the C-H bond formed 
by an ethyl radical is almost 10 kcal. mole stronger than that formed by the t-butyl 
radical and it is generally thought to be more reactive. The decreased reactivity of 
t-butyl might have been compensated by the greater lability of the hydrogen in pival- 
aldehyde. The evidence is against this, for methyl radicals have been found to react with 
all the saturated aliphatic aldehydes at the same rate. Apparently, therefore, there is 
little difference in the reactivites of the lower alkyl radicals. This finding will only apply 
when the abstractions are exothermic. It may be that aldehydes are unique and that 
differences in reactivity would have been found with other classes of compound. 

Decomposition of Alkyl Radicals.—The correlation between the observed activation 
energies for the decompositions and their heats is good as is shown in Table 3 except for 
those reactions (AH values in parentheses) in which the decomposition involves a 
rearrangement of the radical or activated complex. The agreement is, however, illusory 
because E should exceed AH by the activation energy of the back reaction, which is the 
addition of an atom or radical to an olefin. The activation energies for such reactions 
that have been studied quantitatively, as for the addition to ethylene in the present work, 
lie between 6 and 9 kcal. mole. Therefore the measured activation energies must be 
judged in error by about this amount. The probable error in this estimate is a few 
kcal. mole! because it depends upon several quantities such as bond strengths that are not 
precisely known, 


| 
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The activation energies of those decompositions that require a rearrangement of the 
hydrogen atoms are all greater than the values of AH for the overall reactions. It is 
reasonable that some energy should be associated with the rearrangement, so the activ- 
ation energies of these reactions are also probably too low. The rearrangement may occur 
during the process of decomposition or before it. If the rearrangement is an earlier and 
separate process it should be possible to detect the other products of the rearranged radicals. 


TABLE 3. Decompositions of alkyl radicals. 


Radical Et Pr* Pri Bu" Bu‘ Bu 

Loss of hydrogen 

BEE ncsoxentqettesdarsssdeghtgnses 39 37 41 -- -— 42 

DF tibwcinbintcnccumiadskascoananes 40 35 37 -— — 44 
Loss of methyl 

ssbenieieiie@iascoreceapgeonas — 25 (29) (22) 26 (32) 

BD dbcrebrsvevescndubavarceesenianes — 25 33 27 24 46 
Loss of ethyl 

TEE gigncescagnanesarncinsienssnss — — — 2 — —_ 

EF chscsnsh days tovehvesddoceattesess — — — 22 — -— 


AH and E are in kcal. mole“. 
AH based on D(Me-H) = 102-5, D (primary-H) = 97, D(secondary-H) = 93, D(tertiary-H) = 90.* 


* Fettis and Trotman-Dickenson, J. Amer. Chem. Soc., 1959, 81, 5260, and unpublished results. 


This has not yet been done, perhaps because at the low concentrations generally used the 
radical contains such an excess of energy from the exothermic rearrangement that it 
decomposes before it is deactivated by collision and before it can react in other ways. On 
the other hand, no system which is really suitable for testing the mode of decomposition 
has yet been studied. If rearrangement occurred during decomposition, then the addition 
of radicals to olefins would be likely to yield rearranged products. n-Butane is not found in 
decisive quantities when methyl radicals at high concentration are added to ethylene.'® 
At the moment the scanty evidence slightly favours rearrangement as a reaction separate 
from and previous to decomposition. 

The rate constants for the decompositions of the radicals show marked regularities. 
Three of the reactions in which a hydrogen atom splits off have almost identical rate 
constants. The fourth, the decomposition of ethyl, is almost certainly low because the 
rate is controlled largely by the rate of transfer of energy to the small molecule. The 
rates of those decompositions yielding radicals that do not involve rearrangement, viz., 
n-propyl, s-butyl, and n-butyl to ethylene, are also very similar. On the other hand, the 
decompositions of s-propyl and t-butyl radicals that involve rearrangement are slow. 
The decomposition of n-butyl radicals to propene is much faster. It probably involves a 
different mechanism. s-Propyl and t-butyl radicals can only rearrange by the three- 
centre transfer of a hydrogen atom between adjacent carbon atoms. n-Butyl can 
rearrange by a four-centre process, which probably involves much less strain by way of 
the activated complex shown: 

CH,;-CH—CH, 


H+++CH, 
This is the second piece of evidence for the existence of such a complex; it was invoked to 


explain the nature of the products of the decomposition of CH,°CD,°CD,°CH,.4 


Acknowledgment for a grant is made to the donors of The Petroleum Research Fund, 
administered by the American Chemical Society. 
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1 Brinton, ]. Chem. Phys., 1958, 29, 781; Garcia Dominguez and Trotman-Dickenson, unpublished 
results. 
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825. Substituted Benzidines and Related Compounds as Reagents in 
Analytical Chemistry. Part XVI.* Anthranilic, Orthanilic, Benz- 
idine-3,3'-dicarboxylic, and Benzidine-3,3'-disulphonic Acids as Redox 
Indicators. 


By D. I. REEs and W. I. STEPHEN. 


The redox properties of anthranilic, orthanilic, benzidine-3,3’-dicarboxylic, 
and benzidine-3,3’-disulphonic acids are described. These compounds undergo 
reversible oxidation in acid solution and orthanilic and benzidine-3,3’-di- 
sulphonic acids are shown to be suitable redox indicators for the titration 
of iron(11) with cerium(Iv); very sharp end points (colourless to yellow) 
are obtained. Evidence is given that anthranilic and orthanilic acids are 
oxidised via benzidine-3,3’-dicarboxylic and benzidine-3,3’-disulphonic 
acids, respectively. 


BENZIDINE-3,3'-DISULPHONIC, benzidine-3’-sulphonic, and benzidine-2,2’-disulphonic acid 
have been examined as colorimetric reagents for a variety of oxidants.-* The first 
two compounds form greenish-blue meriquinoid compounds with a large number of 
oxidants in acetic acid solutions of pH 2—3 while the last reacts only with the more powerful 
oxidants. We have found that benzidine-3,3’-disulphonic acid and benzidine-3,3’-dicarb- 
oxylic acid undergo instantaneous reversible oxidation, as is to be expected in this type 
of system,* and can therefore be employed as indicators in certain redox titrations. 
Anthranilic and orthanilic acids also have redox properties, and the evidence now recorded 
indicates that they are oxidised via benzidine-3,3'’-dicarboxylic acid and benzidine-3,3’-di- 
sulphonic acid, respectively. These two compounds are the only simple aniline derivatives 
whose redox properties make them suitable as redox indicators. The use of anthranilic 
acid as a gravimetric reagent is of course well known ® but ne account of its redox properties 
or those of orthanilic acid has been reported previously. 

Colour Reactions.—Rather unstable bright yellow colours are formed when the four 
compounds are oxidised in acid solutions. Although the yellow colours develop more 
rapidly the lower the acidity of the solution, the stability of the colour is, however, greater 
at higher concentrations of acid. In warm solution, however, rapid development of colour 
also occurs at the higher acidities. Benzidine-3,3’-disulphonic acid gives the most stable 
oxidation product especially in 4m-sulphuric acid solution, the colour being stable for over 
2hr. Since the yellow oxidised products are, with the exception of benzidine-3,3’-disulphonic 
acid in 4m-sulphuric acid solution, too unstable for the adsorption spectra to be plotted, 
only the Amax. Values could be recorded. These were 445 my in all cases. 

The similarity in the colours of the oxidation products indicates that the oxidation 
products of anthranilic and benzidine-3,3’-dicarboxylic acids are the same, and similarly 
for those of orthanilic and benzidine-3,3’-disulphonic acids. Further evidence that the 
two simple amines are oxidised via the corresponding benzidine derivatives is to be found 
in the various observations given below. 

Transition Potentials.—Measurements were carried out only in the cerium(tv)-iron(1) 
system, since the poor colour contrast obtained in the dichromate-iron(I1) system was not 
sufficiently sharp to give accurate measurements of the transition potentials. The results 
obtained are given in Table 1. 


* Part XV, J., 1958, 4454. 

1 Buscoréns and Nieto, Anales real Soc. espav. Fis. Quim., 1954, 50, B, 447 (Chem. Abs., 1955, 49, 
771g). ‘ 
* Buscoréns and Nieto, Anales. real Soc. espa. Fis. Quim., 1954, 50, B, 455 (Chem. Abs., 1955, 49, 
772a). 

3 Buscoréns and Nieto, Analyt. Chim. Acta, 1956, 14, 401. 

‘ Belcher, Nutten, and Stephen, /., 1958, 2236. 

5 Welcher, ‘ Organic Analytical Reagents,’”’ Vol. II, D. Van Nostrand Co. Inc., 1947. 
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The transition potentials of benzidine-3,3’-dicarboxylic and benzidine-3,3’-disulphonic 
acids are the highest recorded for simple benzidine derivatives. The high transition 
potential (1-08 v) hitherto ascribed to N-phenylanthranilic acid ® has recently been found 
to be erroneous.” It is seen that, as with diphenylaminesulphonic acid and naphthidinedi- 
sulphonic acid," the transition potentials shift to lower values with increasing acidity. 
The close agreement in the values is again evidence that the two simple amines are oxidised 
via the corresponding benzidine derivatives to give the same respective oxidation products. 

Application as Redox Indicators.—The oxidation of the four acidic compounds in acid 
solution is reversible. With the majority of simple benzidines, the process is too slow to 
allow their use as satisfactory indicators; this is the case with the alkoxybenzidines.® 
However, the redox properties of the present compounds, like those of certain other redox 
indicators," are influenced appreciably by induced oxidations. Thus, in particular redox 
titrations, the colour change is instantaneous and the reaction is quite reversible, whereas 
a somewhat slower development of colour is observed when the organic compounds are 
treated only with an oxidising agent. The present compounds thus have properties which 
make them suitable for study as redox indicators. 


TABLE 1. Transition potentials at 18—20°, referred to the standard hydrogen electrode. 


H,SO, concentration (M) 


Indicator 0-5 1-0 2-0 4-0 
PE BOE. sas cash send anhsanesssninerastevesnesosadiase 0-94 0-94 0-92 0-94 
Benzidine-3,3’-dicarboxylic acid ...........ccceeeeeeeeeeees 0-93 0-92 0-92 0-90 
I IE. cptadavetdevidsqradasscscetecbessitensciecsesesé 0-93 0-90 0-90 0-88 
Benzidine-3,3’-disulphonic acid .............seceeeeeeeeees 0-91 0-90 0-88 0-88 


TABLE 2. Titration of iron(t1) with cerium(tv) (ml. of 0-1N-cerium(tv)} 


H,SO, concentration (mM) 


Indicator 0-5 1-0 2-0 4-0 Calc. value 
SO A eee 20-07 20-06 20-06 20-05 20-00 
Benzidine-3,3’-dicarboxylic acid ......... 20-01 20-02 20-02 20-02 20-00 
CEPR “Didiceostandecevcecacessccenss 20-01 20-01 20-01 20-01 20-00 
Benzidine-3,3’-disulphonic acid ......... 19-98 19-98 19-98 19-98 20-00 
PRION. dnucutachbshdatedaakachabeneseeenacesee 20-01 20-01 20-00 20-02 20-00 


Titration of Iron(11) with Cerium(tv).—The results obtained in the various molar concen- 
trations of sulphuric acid, together with those when ferroin is used for comparison, are given 
in Table 2. In all titrations there is a faint yellow coloration before the end-point but this 
does not obscure the bright yellow colour of the end-point whose appearance is very sharp 
in all cases. The end-points with anthranilic and benzidine-3,3’-dicarboxylic acids are 
not quite as sharp as those obtained with orthanilic and benzidine-3,3’-disulphonic acid; 
the colours fade after a little time but reversal of the end-point is possible 3 or 4 times if 
done immediately, without altering the result, but the brightness of the colour fades 
somewhat after each reversal. The results show that over-titration occurs when anthranilic 
acid is used. 

Titration of Iron(i1) with Dichromate.—The results obtained, together with those with 
diphenylaminesulphonic acid, are given in Table 3. An end-point is observed with 
anthranilic acid only if the colour is compared with an untitrated solution, the change 
being from blue to the first trace of green. The two benzidine compounds give sharp 
end-points but the colour change is not very satisfactory, being from blue to green-yellow. 
Orthanilic acid behaves in the same manner as benzidine-3,3’-disulphonic acid except that 
no end-point can be detected in solutions weaker than in 2mM-sulphuric acid. A very poor 
colour change was obtained with orthanilic acid in 2M- and 4m-sulphuric acid solutions. 
But when the yellow colour was reduced with a few drops of iron(11) solution, a sharp 
end-point, similar to that obtained with benzidine-3,3’-disulphonic acid, was then obtained 


* Rees and Stephen, Talania, 1959, 2, 361. 
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on addition of more dichromate. This is again evidence that the oxidation of the simple 
amines proceeds through the corresponding benzidine derivatives. , 

Titration of Dichromate with Iron(1).—The use of benzidine-3,3’-disulphonic acid as 
a suitable indicator for this titration has already been reported.!° It gives a sharp colour 
change from yellow-green to green in 0-5—4m-sulphuric acid solutions. The results 
obtained in the various molar concentrations of sulphuric acid, together with those with 
ferroin, are given in Table 4. 

Titration of Oxalate with Cerium(1v).—Orthanilic and benzidine-3,3’-disulphonic acid 
function as good indicators in this titration at room temperature in the presence of 
manganous sulphate. No end-points could be obtained with either of these compounds 
or with ferroin in the absence of any catalysts at 60° or with iodine monochloride as catalyst. 


TABLE 3. Titration of iron(11) with dichromate (ml. of 0-1N-dichromate). 


H,SO, concentration (m) 


Indicator 0:5 1-0 2-0 4-0 Calc. value 
PAAR BODE «50 xh0nindevvnsedversnveess —— — — — 
Benzidine-3,3’-dicarboxylic acid ......... 19-99 19-99 19-99 19-99 20-00 
SE OEE scnasakivoraretnaeesdayesceuns — _ 20-06 20-06 20-00 
Benzidine-3,3’-disulphonic acid ......... 20-04 20-02 20:01 . 20-01 20-00 
Diphenylaminesulphonic acid ............ 20-04 20-03 19-99 — 20-00 


TABLE 4. Titration of dichromate with iron(i) [ml. of 0-1N-iron(11)]. 


H,SO, concentration (mM) 


Indicator 0-5 1-0 2-0 4:0 Calc. value 
Benzidine-3,3’-disulphonic acid ......... 20-01 19-98 19-99 19-93 20-00 
MNES 1 ceunismpahaiinkdcatinnsanliiiiniwensdinenn 19-97 19-98 19-97 19-97 20-00 


The recommended procedure for ferroin states that the temperature must be kept between 
45° and 50° throughout the titration: this is not really practicable. The procedure 
outlined in the experimental section gave very good results. An average of 19-98 + 0-05 
(theoretical = 20-00) was obtained from 6 titrations from accurately weighed separate 
quantities of sodium oxalate. 

Mechanism of the Oxidation of Anthranilic and Orthanilic Acids.—The results recorded 
above indicate that anthranilic and orthanilic acids, when used as indicators, are probably 
oxidised via the corresponding benzidine derivatives in the following manner: 


+ + 
pre an = i Xn 


Xx x Xx Xx x 
Polarographic studies gave a curve for anthranilic acid having an Ey value of 0-25, and on 
calculation a value of 1-6 for m (the number of electrons involved in the oxidation). A 
2-electron change is required if anthranilic acid oxidises via the benzidine derivative to the 
coloured holoquinoid structure. 

More conclusive proof for the proposed mechanism was the observation of a spot having 
the same migration rate and colour reaction as benzidine-3,3’-dicarboxylic acid on sub- 
jecting an oxidised solution of anthranilic acid, after its reduction and deionisation, to paper 
electrophoresis. Electrophoresis of oxidised orthanilic acid did not, however, indicate a 
spot corresponding to benzidine-3,3’-disulphonic acid, probably because the oxidation of 
appreciable amounts of this substance follows a different course from that which is evident 
when the substance is used as an indicator. 


EXPERIMENTAL 
Indicator Solutions.—0-5% Solution in water containing a small quantity of ammonia. 
Development and Stability of Colour.—5 Drops of the indicator solution were mixed with 
100 ml. of 0-5—4m-sulphuric acid solution, followed by 1 drop of 0-1N-ceric sulphate solution. 
A Unicam S.P. 600 spectrophotometer was used. 
Transition Potentials.—The apparatus, reagents, and procedure have been described.® 
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Titrations.—The solutions and titration procedures have already been described.’ 

Titration of Ivon(11) with Cerium(1v) and Dichromate-—One drop of benzidine-3,3’-di- 
carboxylic or benzidine-3,3’-disulphonic acid solution, 2 drops of anthranilic acid, and 5 drops 
of orthanilic acid indicator solutions were used. 

Titration of Dichromate with Iron(11).—20 ml. of 0-1N-dichromate solution were acidified with 
50% sulphuric acid to give the required acid content at the end of the titration, and diluted 
with about 80 ml. of water. One drop of the benzidine-3,3’-disulphonic acid indicator solution 
was added and the mixture was titrated with 0-1N-iron(11) solution to the yellow-green to green 
colour change. 

Titration of Oxalate with Cerium(tv).—To 20 ml. of 0-1N-sodium oxalate solution (or about 
0-1340 g. of sodium oxalate dissolved in 20 ml. of water) were added 25 ml. of a 10% aqueous 
manganous sulphate solution and 1—3 ml. of concentrated sulphuric acid. 0-1N-Ceric sulphate 
solution was run in slowly from a burette with continuous agitation to approximately 1 ml. from 
the end-point. [A rough end-point was obtained on noting the yellow colour of excess of 
cerium(Iv) ions in the absence of indicator.] 5 Drops of the orthanilic acid solution, or 1 drop 
of the benzidine-3,3’-disulphonic acid solution, were now added, and the ceric sulphate solution 
was added dropwise until the bright yellow colour of the end-point was reached. 

Electrophoretic Studies.—The solutions for examination were prepared by oxidising 5 ml. 
of 0-5% aqueous anthranilic or orthanilic acid containing 2 ml. of 4m-sulphuric acid with 1-5 
ml. of 0-1N-cerium(Iv) sulphate, then immediately reducing with 1-5 ml. of 0-1N-iron(11) 
sulphate. The solution derived from anthranilic acid was treated on a column of Zeo-Karb 225 
to remove sulphate ions; the amino-acids were adsorbed on the resin and eluted with N-ammonia 
solution. The eluate was concentrated under reduced pressure, portions of the solution were 
transferred to Whatman No. 3 paper, and electrophoresis was carried out for 2 hr. in a borate 
buffer (pH 10) at 1000v, conventional equipment being used. The paper was then dried and 
sprayed with cerium(iv) sulphate solution. Anthranilic acid produced a pink spot, and 
benzidine-3,3’-dicarboxylic acid, with a slightly lower migration rate, a yellow spot. 

The solution derived from orthanilic acid was similarly treated, but because the amino-acids 
were not adsorbed on the cationic resin, the eluate was treated with Deacidite F to remove 
sulphate ions. After electrophoresis, orthanilic acid gave a pink spot on the paper with 
cerium(Iv); benzidine-3,3’-disulphonic acid, with a slightly greater migration rate, gave a 
yellow spot. 

Polarographic Studies.—The Electrochemical Laboratories manual (Model BMK) polarograph 
together with the Pye Scalamp galvanometer were used. A 0-0005m-solution of anthranilic 
acid in 0-5m-sulphuric acid solution was subjected to a steadily increasing voltage applied 
between a dropping-mercury anode and a saturated calomel electrode as cathode in the usual 
way. 


We are grateful to Professor R. Belcher for his interest in, and support for, this work. We 
also thank Farbenfabriken Bayer, Aktiengesellschaft, Leverkusen, who kindly supplied a 
sample of benzidine-3,3’-disulphonic acid. One of us (D.1. R.) thanks Messrs. J. Lyons and 
Co. for the award of a Fellowship. 


CHEMISTRY DEPARTMENT, BIRMINGHAM UNIVERSITY, 
BIRMINGHAM 15. [Received, February 8th, 1960.] 


7 Belcher, Nutten, and Stephen, /J., 1952, 3857. 

§ Linstead, Elvidge, and Whalley, ‘‘ A Course in Modern Techniques of Organic Chemistry,” 
Butterworths, London, 1955. 

® Syrokomskii and Stiepin, J. Amer. Chem. Soc., 1936, 58, 928. 

1° Belcher, Rees, and Stephen, Chim. analyt., 1959, 41, 397. 

1 Belcher, Lyle, and Stephen, J., 1959, 4454. 

12 Kolthoff and Belcher, “‘ Volumetric Analysis,” Vol. 111, Interscience Publishers Ltd., 1957. 
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826. Studies on Phosphorylation. Part XX.* The Oxidation 
of Mono- and Di-alkyl Phosphites. 
By D. M. Brown and P. R. HAMmonp. 


Permanganate, periodate, iodate, and hypochlorite oxidise dialkyl 
phosphites to the corresponding phosphates. Of these reagents, perman- 
ganate alone oxidises monoalkyl phosphites. 


AmonG the phosphorylation methods developed in this Laboratory, one ! in which alkyl 
benzyl phosphite intermediates are employed has been of considerable value. There is 
sometimes a need for a mild method of converting these into the corresponding phosphates, 
applicable when the alkyl residue is a complex, sensitive grouping. While a number of 
reagents, such as mercuric oxide and manganese dioxide,? hydrogen peroxide,’ hypo- 
chlorite,* and dinitrogen tetroxide,5 have been used successfully with trialkyl phosphites, 
it has been stated * that both the primary and the secondary esters of phosphorous acid are 
quite resistant to oxidation. Thisis evidently not so. The oxidation of dialkyl phosphites 
by iodine has been studied kinetically (although the products were not isolated) and they 
have been converted into dialkyl phosphates by reaction with N-chlorosuccinimide to 
yield the phosphorochloridate, followed by the hydrolysis of the latter. Difficulties have 
sometimes been experienced with the latter route, possibly due to the instability of benzyl 
phosphorochloridates, and a’ direct oxidation applicable to aqueous solutions would be 
valuable. The present study arose from the observation that phosphites rapidly decolorised 
permanganate. Since then, Dimroth and Ploch § have described an investigation of the 
permanganate oxidation of mono-, di-, and tri-alkyl phosphites, and we confirm their results 
in so far as our experiments correspond. 

Using ammonium monobenzyl phosphite and dibenzyl phosphite as models, we studied 
a number of mild oxidants, initially by paper-chromatographic examination of the products. 
Dibenzyl phosphite was unaffected by benzoyl peroxide, perbenzoic acid, and active 
manganese dioxide. Mercuric acetate and oxide slowly converted the phosphite into a 
crystalline mercury derivative from which the phosphite appeared to be regenerated by 
hydrogen sulphide. 

Potassium permanganate in aqueous dioxan under basic conditions was an effective 
reagent, oxidising mono- and di-benzyl phosphite according to the scheme 


3->P(O)H + 2MnO,~ -+ OH- —— 3>PO,- ++ 2MnO, + 2H,O 


Good yields were obtained. Too rapid addition of the reagent caused oxidation of the 
benzyl group, to give small amounts of benzaldehyde and benzoic acid. None of the 
other reagents studied oxidised the monobenzy] ester. 


With hypochlorite at pH 8—9 rapid and quantitative oxidation of dibenzyl phosphite 
to the phosphate occurred. 


Periodate and iodate in mildly acid medium (~pH 3—4) gave high yields of dibenzyl 
phosphate from the phosphite, with generation of iodine. Extraction and estimation 


* Part XIX, J., 1960, 1155. 


' Corby, Kenner, and Todd, J., 1952, 3669; Kenner, Todd, and Weymouth, J., 1952, 3675. 
* Ayres and Rydon, J., 1957, 1109. 

3 Stetter and Steinacker, Chem. Ber., 1952, 85, 451; cf., however, ref. 5. 

* B.P. 737,431. ‘ 

5 Cox and Westheimer, /. Amer. Chem. Soc., 1958, 80, 5441. 


* Van Wazer, ‘‘ Phosphorus and Its Compounds,” Interscience Publ. Inc., New York, 1958, Vol. I, 
p. 381. 


7 Nylen, Z. anorg. Chem., 1938, 235, 161. 
* Dimroth and Ploch, Chem. Ber., 1957, 90, 801. 
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of the latter (80% recovery) indicated a stoicheiometry for the reactions approximating 
to: 

7 >P(O)H + 2HIO, — 7>P(O)OH + H,O + I, 

5 >P(O)H + 2HIO, ——B 5 >P(O)*OH + H,O + |, 


The preferred reagent, however, was periodate in weakly basic solution. Sodium hydrogen 
carbonate or 2,6-lutidine was used as base, since pyridine was oxidised under these con- 
ditions. Besides the lack of side reactions and the isolation of pure products, the very 
soluble periodic acid could be adapted to solutions of low water content for phosphites 
of high molecular weight. A titrimetric study of the reaction showed that it followed the 
course 

>P(O)H + 10,- + OH- — >>PO,- + 10,- + H,O 


and, moreover, iodate was not reduced in basic solution. 

We have not studied the reaction mechanisms involved in these oxidations, but the 
fact that permanganate alone oxidises the monobenzyl phosphite anion suggests that it 
reacts by a radical mechanism. In support of this view it was noted that, during oxidation 
of dibenzyl phosphite in glacial acetic acid in a suitable apparatus, oxygen was absorbed, 
a characteristic of some other free-radical oxidations.® 

The permanganate, periodate, and hypochlorite reagents were successfully applied to 
the oxidation of 2’,3’-O-isopropylideneadenosine 5’-(benzyl phosphite) and i,2-O-iso- 
propylideneglycerol benzyl phosphite, details being given in the experimental section. 
Further use of the reagents in the synthesis of phosphatidic acids will be described in a 
forthcoming paper. 


EXPERIMENTAL: 


Paper Chromatography.—Ascending chromatograms were run on Whatman No. 1 paper 
with the solvent systems, (A) butan-l-ol-acetic acid-water (5: 2:3) and (B) propan-2-ol- 
ammonia—water (7:1:2). Phosphates and phosphites were detected by the molybdate 
reagent.?° 

Oxidation of Dibenzyl Phosphite-—(a) Periodic acid. (i) Basic conditions. Dibenzyl 
phosphite (2-62 g.), in dioxan (50 ml.) and 2,6-lutidine (5 ml.), was treated with periodic acid 
(2-50 g. of HIO,) in water (50 ml.), and the solution stirred at room temperature for 1 hr. 
Chromatography showed complete conversion into dibenzyl phosphate. A quarter part of the 
solution was removed for titration, and to the remainder was added sodium hydrogen carbonate. 
Lutidine was extracted with chloroform (5 x 20 ml.), the aqueous phase acidified, and dibenzyl 
hydrogen phosphate extracted into chloroform (3 x 10 ml.). The dried (Na,SO,) solution 
was evaporated. The crystalline residue had m. p. 71—73° raised to 79-5° on recrystallisation 
from ether (Found: C, 60-3; H, 5-4; P, 11-5. Calc. for C,,H,,O,P: C, 60-4; H, 5-4; P, 11-2%). 

(ii) Acid conditions. Dibenzyl phosphite (4-0 g.) was suspended in 1:1 aqueous dioxan 
(40 ml.) and to the stirred solution periodic acid (2-0 g.) in water (20 ml.) was added during 
30 min. Sodium hydrogen carbonate was added to pH 8, the iodine extracted with chloroform, 
and then after acidification dibenzyl hydrogen phosphate (3-65 g., 86%), m. p. 71°, was isolated 
as above. One crystallisation gave the acid, m. p. 78°. 

(b) Iodic acid. The phosphite (4-0 g.) was dispersed in dioxan (50 ml.) and water (20 ml.) 
containing 20% acetic acid (1 ml.). Potassium iodate (1-5 g.) in water (30 ml.) was added 
with stirring to the warm (50°) solution during 10 min. and stirring was continued for a further 
0-5 hr. Iodine was extracted, and the dibenzyl hydrogen phosphate then isolated as above. 
The crude yield was 94%. 

Iodate under basic conditions was ineffective. 

(c) Sodium hypochlorite. 0-5N-Sodium hypochlorite (35 ml.) was added during 15 min. to 
a stirred solution of the phosphite (2-0 g.) in dioxan (25 ml.) containing sodium hydrogen 
carbonate (4-0 g.). Stirring was continued for 30 min., and after acidification the dibenzyl 
hydrogen phosphate (1-95 g., 92%) was isolated as before. 


® Waters, Trans. Faraday Soc., 1946, 42, 188. 
10 Hanes and Isherwood, Nature, 1949, 164, 1107. 
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(d) Potassium permanganate. The phosphite (26-2 g.) and sodium hydrogen carbonate 
(3-0 g.) were suspended in 1: 1 aqueous dioxan (100 ml.) and potassium permanganate (10-5 g.) 
in water (150 ml.) added with stirring during 1 hr. Next morning the coagulated manganese 
dioxide was removed, and after acidification the product was isolated. The crude product 
(26-0 g., 94%) had m. p. 68° and was conveniently crystallised from benzene-light petroleum. 

Pyridine was used satisfactorily in place of sodium hydrogen carbonate, as base. 

Oxidation of Ammonium Benzyl Phosphite-—Potassium permanganate (1-05 g.) in water 
(30 ml.) was added slowly to a solution of the phosphite (1-89 g.) and sodium hydrogen carbonate 
(2-0 g.) in water (30 ml.). After removal of manganese dioxide the solution was evaporated 
to dryness under reduced pressure. The residue was stirred with a suspension of Dowex-50 
(H form) resin in water (20 ml.), and the solution was percolated through a column of the same 
resin (20 g.) into cyclohexylamine (2-5 g.). The solution was concentrated to 20 ml., and hot 
acetone (100 ml.) added; dicyclohexylammonium benzyl phosphate ™ (3-0 g., 78%), m. p. 
232—-234°, separated (Found: C, 56-8; H, 9-3; N, 7-1. Calc. for C,,H,;,;0,N,P: C, 56-4; 
H, 9-2; N, 6-9%). 

1,2-O-Isopropylideneglycerol Benzyl Phosphite—A solution of O-benzylphosphorous OO- 
diphenylphosphoric anhydride! [prepared from monobenzyl phosphite (17-1 g.), diphenyl 
phosphorochloridate (26-7 g.), and dry pyridine (8-0 ml.) in dry benzene (250 ml.)] was added 
to O-isopropylideneglycerol (10-85 g.) and 2,6-lutidine (9-35 ml.). The solution was stirred 
with exclusion of moisture for 1 hr., lutidine hydrochloride then removed by filtration, and the 
solution evaporated under reduced pressure. The residue, dissolved in chloroform (100 ml.), 
was washed with water and sodium hydrogen carbonate solution, and the solution evaporated. 
The phosphite was obtained as a colourless oil (18-95 g., 79%) and gave one well-defined spot 
on chromatograms, with Rp 0-95 (in A) and 0-7 (in B). 

1,2-O-Isopropylideneglycerol Benzyl Phosphate.—(a) The above phosphite (3-0 g.) was dis- 
solved in 2,6-lutidine (15 ml.) and water (10 ml.), and periodic acid (2-42 g.) in water (10 ml.) 
added to the stirred solution during 10 min. Stirring was continued for 1 hr. and then solid 
hydrated-barium hydroxide (6-0 g.) was added and the lutidine extracted with chloroform 
(5 x 10 ml.). The aqueous phase was neutralised with carbon dioxide, the solution boiled, 
filtered, and evaporated, and the barium salt (2-2 g., 57%) collected. Recrystallisation from 
95% ethanol or, better, dimethylformamide-ethyl acetate afforded the phosphate in needles 
(Found: C, 41-8; H, 4:4. C,,H;,BaO,,P, requires C, 42:2; H, 4:8%). Infrared absorption 
bands were present at 1383, 1373 (Me,C), and 1501 cm. (aromatic). 

(b) The phosphite (1-6 g.) in 2: 1 dioxan—water (60 ml.) and pyridine (5 ml.) was treated 
with potassium permanganate (0-58 g.) during hr. After basification, pyridine was extracted 
with chloroform, the solution was acidified with hydrochloric acid to pH 3, and the products 
were extracted with chloroform. Careful evaporation gave the free acid as a gum which was 
converted into the solid barium salt (1-56 g., 75%). 

The oxidation could also be carried out with sodium hypochlorite and by reaction with 
N-chlorosuccinimide followed by hydrolysis of the intermediate phosphorochloridate. 

Hydrogenation of the benzyl phosphate in water containing a little triethylamine over 
palladium black was rapid and yielded barium 1,2-O-isopropylideneglycerol phosphate ™ as a 
white powder. It gavea single spot, Rp 0-19, when run on chromatograms in solvent B (Found: 
C, 19-2; H, 3-6. Calc. for CSH,BaO,P,H,O: C, 19-7; H, 3-6%). 

The isopropylidene derivative was hydrolysed by 10% acetic acid under reflux for 30 min. 
Glycerol 1-(benzyl phosphate) was conveniently isolated as the cyclohexylammonium salt, 
m. p. and mixed m. p. 123°, Ry 0-55 in solvent B (Found: P, 8-8. Calc. for C,gH,,NO,P: 
P, 86%). 

Adenosine 5’-(Benzyl Hydrogen Phosphate).—(a) Benzyl 2’,3’-O-isopropylideneadenosine 
5’-phosphite (1-87 g.; crude) was dissolved in pyridine (10 ml.), and potassium permanganate 
(0-428 g.) in water (25 ml.) added during 30 min. with stirring. Manganese dioxide was removed. 
The filtrate was made alkaline with barium hydroxide solution and extracted with chloroform, 
and the aqueous phase neutralised with carbon dioxide. The isopropylidene derivative was 
isolated after removal of barium carbonate and evaporation, and then boiled under reflux for 
1 hr. with 0-03N-hydrochloric acid (120 ml.). Adenosine 5’-(benzyl hydrogen phosphate) ™ 

1t Chase, Kenner, Todd, and Webb, /J., 1956, 1375. 


12 Fischer and Pfahler, Ber., 1920, 58, 1606. 
13 Baddiley and Todd, J., 1947, 648. 
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(0-79 g., 45%) separated from the cooled solution. Recrystallised from water, it had m. p. 
and mixed m. p. 234°. 

The oxidation was also carried out successfully with the periodate-lutidine reagent, and 
the product isolated as above. 


We thank Sir Alexander Todd, F.R.S., for his helpful interest, the D.S.I.R. for an Award, 
and Corpus Christi College, Cambridge, for a Caldwell Studentship (to P. R. H.). 


UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. [Received, April \st, 1960.] 


827. Phospholipids. Part VI.* Synthesis of Phosphatidic 
Acids and Cephalins. 


By D. M. Brown and P. R. HAMMonpD. 


Syntheses of (--)-1,2-distearoyl-phosphatidic acid, -phosphatidylamino- 
ethanol, and -phosphatidylserine are described, 1,2-distearoylglycerol 3- 
(benzyl phosphite) being used as a common intermediate. 


SYNTHESES in the phosphatide series should, ideally, take into account two important 
facts. The natural substances, in general, have unsaturation in the long-chain fatty acid 
residues, so that avoidance of hydrogenation steps would be advantageous. Secondly, 
these substances are all unsymmetrical dialkyl phosphates, so that a two-stage phosphoryl- 
ation would be preferable in order to minimise the production of symmetrical by-products. 

Many syntheses of phosphatides have been described in recent years. The most highly 
developed are those due to Baer and his co-workers,? in which a 1,2-di-O-acylglycerol 
(ROH) is treated with phenyl phosphorodichloridate to yield the intermediate di-O- 
acylglycerol phenyl phosphorochloridate which, without isolation, is put into reaction 
with the second alcohol (R’OH; ¢.g., choline chloride); the phenyl residue is then removed 


R-OH ——® RO-PO(C!)*OPh —— RO-PO(OR’)*OPh —— RO*PO(OR’)‘OH 


by platinum-catalysed hydrogenation. Only saturated phosphatides can be obtained by 
this means. For the synthesis of unsaturated members, phosphoryl chloride * is used as 
phosphorylating agent, the third chlorine residue being subsequently removed by mild 
hydrolysis. In both procedures symmetrical products [RO*PO(OH)-OR] are to be expected 
and are found. The success of the method depends on the fact that stepwise replacement 
of halogens by alkoxy-residues becomes progressively more difficult, although the dif- 
ferences are evidently small. Variants on the phosphoryl chloride route, in which the 
intermediate alkyl phosphorodichloridate can be isolated in a pure state, have been de- 
scribed.4 The reaction between diacyloxypropyl iodides and the silver salts of dialkyl 
phosphates represents an independent route to phosphatides 5 and in principle can satisfy 
the two requirements mentioned above; yields of product, too, appear to be good. 

A number of phosphorylation methods have been described recently, particularly in 
the nucleotide field,*’ which, in so far as they have been devised specifically for the synthesis 
of unsymmetrical dialkyl phosphates and pyrophosphates, should be applicable to phos- 
phatide synthesis. The present experiments were designed to investigate the use of one 
of these, viz., that using phosphite intermediates. The syntheses described are models 


* Part V, J., 1959, 3547. 


1 Malkin and Bevan, Progr. Chem. Fats and Other Lipids, 1957, 4, 98. 

2 Baer, Ann. Rev. Biochem., 1955, 24, 135. 

% Baer and Buchnea, J]. Amer. Chem. Soc., 1959, 81, 1758. 

‘ Hirt and Berchtold, Helv. Chim. Acta, 1957, 40, 1928; Shapiro, Flowers, and Spector-Shafer, 
]. Amer. Chem. Soc., 1959, 81, 3743. 

5 Hessel, Morton, Todd, and Verkade, Rec. Trav. chim., 1954, 78, 150; Baylis, Bevan, and Malkin, 
J., 1958, 2962. 
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in so far as the saturated (--)-1,2-di-O-stearoylglycerol ® alone is used as starting material. 

1,2-Di-O-stearoylglycerol when treated with O-benzylphosphorous OO-diphenyl- 
phosphoric anhydride yielded 1,2-di-O-stearoylglycerol 3-(benzyl phosphite) (I; R = 
distearoylglycerol residue throughout). The substance was never obtained analytically 
pure since phosphorylation generally proceeded to the extent of about 80% and it was 
not possible, because of the solubility properties of the materials, completely to remove 
the traces of unchanged distearoylglycerol. The crude phosphite could, however, be used 
satisfactorily in a number of syntheses. When oxidised by periodate ! it gave di-O- 
stearoylglycerol benzyl phosphate ™ (II) which, on hydrogenation, yielded 1,2-di-O- 
stearoylphosphatidic acid (III).1* The structure of the phosphite was thereby established. 

The benzyl phosphite, when treated with N-chlorosuccinimide and 2-benzyloxy- 
carbonylaminoethanol, gave a good yield of the phosphotriester (V). This type of reaction 
has hitherto been conducted by adding the N-chlorosuccinimide to the phosphite, allowing 
time for the formation of the corresponding phosphorochloridate, and then adding the 
alcohol. In a reaction where adventitious moisture and the instability of benzyl 
phosphorochloridates * may combine to reduce yields, it was advantageous to add the 
N-chlorosuccinimide to a mixture of the phosphite and the alcohol in presence of the 
theoretical amount of tertiary base. When the fully protected ester (V) was hydrogenated, 
both the benzyl and the benzyloxycarbonyl group were removed and the 1,2-di-O-stearoyl- 
phosphatidylaminoethanol (VI) was isolated. Overall yields of 30°, based on distearoyl- 
glycerol were obtained. 


105 H,-Pd 
(I) RO*PHO-O-CH,Ph —— RO-PO(OH):O"CH,Ph ——— RO-PO(Oh), (ITT) 


} (II) 


fOr. SLO. 
RO*PCIO“O-CH,Ph ——B> RO*PO-O-CHy'CHyNC >CgHy ——Be RO“PO-O"CHyCHyNQ DCH, 
co ‘CO 
(IV) O:CH,Ph (VIT) OH (VIIT) 


| An 


H 
atee ling SCE — ROPO-0:CH,CH,*NH," RO*PO*OCHy°CHy"CH:CO,H 


O*CH,Ph (V) O- (VI) oO NH,+ (IX 


As an alternative route the benzyl phosphite was treated with phthalimidoethanol and 
N-chlorosuccinimide to give the triester (VII).* This, with sodium iodide in hot acetone, 
underwent debenzylation, and the product (VIII), without isolation, was then treated 
with hydrazine to remove the phthaloyl group. Di-O-stearoylphosphatidylaminoethanol 
(VI) was again isolated. This synthesis of the phospholipid accords with the requirements 
mentioned above in that a two-stage phosphorylation was used and no hydrogenation step 
was involved. 

A synthesis of (-{-)-1,2-di-O-stearoylphosphatidyl-(-+-)-serine is also described. The 
benzyl phosphite (I) and (-+-)-N-benzyloxycarbonylserine benzyl ester were treated with 
N-chlorosuccinimide, and the intermediate triester immediately hydrogenated. The serine 


* A Referee has drawn our attention to the preparation and debenzylation of this substance by 
Dr. P. J. C. Counsell, mentioned in a lecture by Dr. T. Malkin (Fette, Seife, Anstrichmittel, 1958, 60, 930). 


® Todd, Proc. Nat. Acad. Sci. U.S.A., 1959, 45, 1389. 

7 Smith, Moffatt, and Khorana, J. Amer. Chem. Soc., 1958, 80, 6204. 

8 Kenner, Todd, and Weymouth, J., 1952, 3675. 

* Howe and Malkin, J., 1951, 2663. 

‘© Brown and Hammond, preceding paper. 

'! Gielkens, Hoefnagel, Stegerhoek, and Verkade, Rec. Trav. chim., 1958, 77, 656. 

"2 Uhlenboek and Verkade, Rec. Trav. chim., 1953, 72, 395; Baer, J., Biol. Chem., 1951, 189, 235. 
'S Atherton, Howard, and Todd, /J., 1948, 1106. 
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phosphatide (IX) was isolated as a powder by an extraction process similar to the method 
of Baer and Maurukas.™* 

Several attempts were made to prepare distearoyl-lecithin (phosphatidylcholine) by 
the phosphite route. It was clear that condensation of the di-O-stearoylglycerol benzyl 
phosphorochloridate with choline chloride occurred, since chromatograms indicated the 
presence of a substance responding both to phosphate and to choline reagents. Analytical 
values, although close to those required, were unacceptable. There was strong evidence 
that the initially formed chloride of di-O-stearoylglycerol benzyl choline phosphate was 
undergoing partial debenzylation, since benzyl chloride was always detected during isolation. 
This process should lead directly to distearoyl-lecithin itself, but it was not possible to 
isolate it in a pure state. Further experiments may allow clarification of this point and 
lead to a simple lecithin synthesis. It is hoped, too, to apply the above route to the 
synthesis of unsaturated phospholipids, and to more complex lipids. 


EXPERIMENTAL 


Evaporations were carried out in vacuo at, or near, room temperature. 

1,2-Di-O-stearoylglycerol 3-(Benzyl Hydrogen Phosphite).—Monobenzy1 phosphite (4-75 g., 1-6 
mol.), diphenyl phosphorochloridate (5-60 ml., 1-5 mol.), and dry pyridine (2-2 ml., 1-5 mol.) were 
stirred together for 3 hr. with benzene (100 ml.) under anhydrous conditions. The solution 
was filtered from pyridine hydrochloride, into a dry solution of 1,2-di-O-stearoylglycerol (10 g., 
1 mol.; m. p. 67—68°). Stirring was continued for 1 hr. and after filtration the solution was 
washed with water, 5% potassium hydrogen sulphate solution, and sodium hydrogen carbonate 
solution (100 ml. of each), and then dried (Na,SQO,). 

Paper chromatography showed that no benzyl phosphite, diphenyl phosphate, or mono- 
benzyl phosphate were present, but phosphorus analyses gave evidence for incomplete phos- 
phorylation (80%). The solution was used as such for further reactions, but a crude product 
could be isolated by precipitation with acetone. . 

1,2-Di-O-stearoylglycerol 3-(Benzyl Hydrogen Phosphate).—To the above phosphite (from 
2 g. of distearoylglycerol) in carbon tetrachloride (5 ml.), dioxan (20 ml.) and 2,6-lutidine (5 ml.), 
was added 3-6m-periodic acid (1 ml.; 1-1 mol.) in water (4-5 ml.). The solution was stirred 
for 2 hr. and shaken with 5% potassium hydrogen sulphate solution (100 ml.) and chloroform 
(100 ml.). The potassium hydrogen sulphate washing (water-washing caused troublesome 
emulsions) was repeated twice and the chloroform solution was dried (Na,SO,) and evaporated. 
The product was recrystallised from acetone and then several times from pentane to constant 
phosphorus analysis. It had m. p. 54° (lit.,4 52°) (yield 0-6 g.) [Found, in material dried at 
35°/0-1 mm. over P,O,;: C, 69-5; H, 10-5; P, 3-7%; equiv. (by titration against tetrabutyl- 
ammonium hydroxide in benzene—methanol), 790. Calc. for CygH,,O,P: C, 69-5; H, 10-5; 
P, 39%; equiv., 795]. 

1,2-Di-O-stearoylglycerol 3-(Dihydrogen Phosphate).—The above benzyl ester (0-5 g.) was 
hydrogenated over palladium black (0-2 g.) in chloroform (5 ml.) and hexane (20 ml.). Uptake 
of hydrogen was rapid, and after 1 hr. the product was isolated by evaporation of the centrifuged 
solution. After two crystallisations from hexane (80 ml.) it (0-31 g.) had m. p. 70—71° (lit.,™ 
71°) (Found, in material dried at 40°/0-1 mm. over P,O;: C, 66-2; H, 10-4; P, 4:5. Cale. 
for C,,H,,0,P: C, 66-5; H, 10-9; P, 44%). 

1,2-Di-O-stearoylglycerol 3-(Benzyloxycarbonylaminoethyl Benzyl Phosphate).—The phosphite 
(from 2-0 g. of distearoylglycerol), benzyloxycarbonylaminoethanol (0-625 g., 1 mol.), 2,6- 
lutidine (0-72 ml., 2 mol.), and N-chlorosuccinimide (0-427 g., 1 mol.) were dissolved in benzene 
(75 ml.), and the solution was stirred. After 16 hr. the white precipitate was filtered off, and 
the solution taken to dryness at room temperature. The solid residue was extracted with 
boiling light petroleum (b. p. 40—60°) (4 x 10 ml.). The extract was evaporated and the 
phosphate extracted from the residue by hot, dry ethyl acetate (4 x 10 ml.) from which it 
crystallised on cooling. It formed a microcrystalline powder (0-77 g.), m. p. 62—63° (Found, 
in material dried for 2 hr. at room temperature/0-5 mm. over P,O; and wax: C, 69-0; H, 9-7; 
N, 1-7; P, 3:3. C,,H,,NO,9P requires C, 69-2; H, 9-7; N, 1-4; P, 3-2%). 


Baer and Maurukas, J. Biol. Chem., 1955, 212, 25. 
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1,2-Di-O-stearoylphosphatidylaminoethanol. Route (a).—The above phosphate (0-77 g.) in 
glacial acetic acid (30 ml.) and chloroform (5 ml.) was hydrogenated over pre-reduced platinum 
oxide (0-2 g.) and palladium black (0-2 g.)._ After 2 hr., consumption of hydrogen was complete 
and chloroform (10 ml.) was added to bring the product into solution. Catalysts were removed 
by centrifugation and the solution was evaporated im vacuo. The product was isolated as a 
white powder (0-55 g.) by dissolving the residue in chloroform (5 ml.) and precipitating it with 
acetone (40 ml.)._ It was washed with dry ether and dried (P,O, and wax), and had m. p. 170° 
with previous softening (Found: C, 66-2; H, 10-9; N, 2-1; P, 3-9. Calc. for C,,H,,.NO,P: 
C, 65-8; H, 11-0; N, 1-9; P, 4.0%) and v,,, 3410, 2925, 2855, 1735, 1640, 1472, 1380, 1179, 
and 719 cm.?. 

1,2-Di-O-stearoylglycerol 3-(Phthalimidoethyl Benzyl Phosphate).—The crude distearoy] benzy] 
phosphite (1 g., above), N-2-hydroxyethylphthalimide (0-245 g.), 2,6-lutidine (0-288 ml.), and 
N-chlorosuccinimide (0-172 g.) were dissolved in dry benzene (75 ml.), and the solution was 
stirred at room temperature for 16 hr. The phosphate (0-2 g.) was isolated as for the benzyloxy- 
carbonylaminoethyl ester, above, and had m. p. 63—64° (Found: C, 69-1; H, 10-4; P, 3-4. 
CsgHgg9NO oP requires C, 69-4; H, 9-3; P, 3-2%), Amax, (in CHCl) 267, 294 my (ec 2500, 720 
respectively). 

1,2-Di-O-stearoylphosphatidylaminoethanol. Route (b).—The above phthalimido-derivative 
(20 mg.) and anhydrous sodium iodide (10 mg.) were heated under reflux in acetone (5 ml.) 
solution for 2 hr. and then cooled. The debenzylated product separated and was recrystallised 
twice from acetone. To the dried material methoxyethanol (5 ml.) and aqueous hydrazine 
(containing 5 g. of hydrazine hydrate per 1.) were added and the solution was heated at 70° 
for 1 hr. On cooling, the product separated and was recrystallised three times from 99% 
ethanol. It had m. p. 180° with previous softening (Found: P, 4:1%). The material had no 
detectable ultraviolet light absorption in the 260 my range and had an infrared spectrum 
(KBr disc) identifying it with the material prepared by route a. 

1,2-Di-O-stearoylphosphatidylserine.—The benzyl phosphite (from 1-67 g. of distearoyl- 
glycerol), (-+-)-N-benzyloxycarbonylserine benzyl ester (0-878 g.), 2,6-lutidine (1-0 ml.), and 
N-chlorosuccinimide (0-36 g.) were dissolved in dry benzene (50 ml.) and stirred for 22 hr. 
A copious precipitate of lutidine hydrochloride and succinimide was filtered off. The filtrate 
was evaporated, and the residue kept at 0-2 mm. for 3 hr. and then extracted with ether 
(3 x 10 ml.). The extract, to which was added carbon tetrachloride (30 ml.), was shaken with 
ice-cold 0-1N-sulphuric acid (10 ml.), and the emulsion broken by centrifugation. The lower 
layer was removed. Addition of carbon tetrachloride and subsequent isolation of the lower 
layer was twice repeated, and the combined extracts were dried (Na,SO,) and evaporated to 
give a wax. This was crystallised from light petroleum (b. p. 40—60°; 40 ml.) at 0°, and then 
twice from 99% ethanol (10 ml.). This material (0-31 g.) was hydrogenated over pre-reduced 
palladium black (0-1 g.) and platinum oxide (0-1 g.) in acetic acid (50 ml.). After addition 
of chloroform (30 ml.) the catalyst was removed by centrifugation and the solvent was evaporated 
at 25°. The product was a powder which was triturated with small amounts of acetic acid, 
water, acetone, and dry ether and finally dried (P,O, and wax) at 0-5 mm. for 1 hr. (Found: 
C, 64:0; H, 10-6; N, 2-1; P, 3-8. Calc. for C,,sH,,NO,,P: C, 63-7; H, 10-4; N, 1-8; P, 39%). 


This work was carried out during the tenure (by P. R. H.) of a D.S.I.R. Maintenance Award 
and the Caldwell Studentship of Corpus Christi College, Cambridge. 


UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. [Received, April 1st, 1960.] 
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828. Sulphur—Nitrogen Compounds. Part I. The Hydrolysis of 
Sulphamate Ion in Perchloric Acid. 


By J. P. CANDLIN and R. G. WILKINS. 


The rate (R) of hydrolysis of sulphamate ion in 10*m- to 6m-perchloric 
acid at 95° obeys the relation: R = 139 x 10“[H*][sulphamate + sulphamic 
acid]}/(0-266 + [H*]), units in minutes and moles1.-1._ A mechanism involving 
a pre-equilibrium between sulphamate ion and sulphamic acid, followed by slow 
hydrolysis of the acid, previously proposed by Maron and Berens,’ is supported. 
The kinetic expression arises from the fact that sulphamate and sulphamic 
acid are the predominant species at the extremes of the acid range studied. 
The mechanism is supported by work in deuterium perchlorate and a kinetic 
value for the dissociation constant of sulphamic acid is obtained. The 
energy and entropy of activation in dilute and more concentrated acids 
are compared and interpreted. 


MARON and BERENS! found the rate of hydrolysis of sulphamate ion in dilute acid at 
80—98° to be of first order with respect to sulphamate and hydrogen-ion concentrations. 
They proposed a mechanism: 


k 
H,N‘SO,- + H,O*+ =e X — > NH,*+ + HSO,- 


and suggested that the intermediate X might be the zwitterion form of sulphamic acid, 
which would then react with water to form ammonium hydrogen sulphate. 

Since the ionisation constant of sulphamic acid has been determined, subsequently 
to that work, as approximately 0-1 at 25°,*-3 it is apparent that, at pH values above about 2, 
significant concentrations of both sulphamate and sulphamic acid will be present in 
solution and the first-order rate dependence on hydrogen ion will probably not persist.“ 
Maron and Berens did not investigate this region, and furthermore their kinetic analysis 
was complicated by the partial regeneration of hydrogen ions by dissociation of product 
bisulphate in dilute acid. 

We have now examined the kinetics of hydrolysis in 10m to 6m-perchloric acid and by 
using dilute solutions of sulphamic acid (5-0 x 10m) have avoided significant changes in 
the medium during the hydrolysis. The only feasible method then, probably, for 
estimating the very low concentrations of sulphate formed as hydrolysis proceeds, is by 
using ([®S]sulphamic acid and (after dilution with a standard amount of inactive sulphate 
as carrier) following the specific activity of *SO,?-. 


EXPERIMENTAL 


Materials.—Sulphamic acid was purified by crystallisation.’ [®S]Sulphamic acid was 
prepared from urea (0-5 g.) and 100% sulphuric acid containing *S (2-5 c.c. of sulphuric acid 
mixed with 4 mc of dried Na,®SO,, supplied by Radiochemical Centre, Amersham). The 
procedure * was adapted to a small scale. The material obtained by this method was 96—97% 
pure and contained only traces of sulphate. [*S)Deuterosulphamic acid resulted from 
evaporating, at reduced pressures, [**S]sulphamic acid (4 mg.) twice with deuterium oxide 
(0-5—1-0 ml.; 99-8% D,O). Deuterium perchlorate was prepared from chlorine heptoxide 
and deuterium oxide.? Sodium perchlorate was dried at 140° for 4 days and stored over silica 
gel in a desiccator. 

! Maron and Berens, J. Amer. Chem. Soc., 1950, 72, 3571. 

* King and King, J. Amer. Chem. Soc., 1952, 74, 1212. 

% Taylor, Desch, and Catotti, J. Amer. Chem. Soc., 1951, 78, 74; Spiro, Trans. Faraday Soc., 1959, 
55, 1746. 

‘ Bell, “‘ Acid-Base Catalysis,” Oxford, 1941, (a) pp. 122—127, (b) p. 145. 

* “ Inorganic Syntheses,’’ Vol. II, ed. Fernelius, McGraw-Hill, New York, 1946, p. 178. 

* Palmer, ‘‘ Experimental Inorganic Chemistry,’’ Cambridge, 1954, p. 349. 

7 Baddeley and Nield, /., 1954, 4684. 
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Analytical Methods.—Two chemical methods for determining sulphate were used for following 
the hydrolysis rates. Direct estimation with lead nitrate with dithizone as indicator ® 
(‘‘ dithizone ’’ method) gave excellent first-order kinetic plots and was undoubtedly superior 
to the ethylenediaminetetra-acetate ® and radiochemical methods. Unfortunately, it could 
not be used satisfactorily in high electrolyte concentration (>1m-perchlorate) because the 
end-point became sluggish, and it was inconvenient with low sulphamic acid concentrations 
because of the large volumes of solution involved. Sulphamic acid was determined ! in 
certain runs for comparison with the other methods and for the experiments in which barium 
ions were also present. The radiochemical method was employed in most of the runs. The 
amount of **SO,?~ produced increased as the hydrolysis of NH,***SO,H proceeded. This 
released sulphate was diluted with a constant large excess of inactive sulphate and precipitated 
with lead ions in weakly acid solution. (Radiochemical experiments indicated that barium 
ions completely co-precipitated sulphamate and sulphate.) The lead sulphate was radio- 
assayed as “infinitely thick ”’ discs (~35 mg. cm.? for *S).1!_ With these conditions radio- 
activity count is a measure of specific activity, x, of the sample where [total sulphate] = [added 
sulphate + sulphate produced by hydrolysis]: 

SOF] _ S05) 


wig [total sulphate] ~ [added sulphate 





) = feso) 


and hence a measure of the extent of reaction. The “ zero-time’’ value indicated 4—8% 
reaction, which arose from some co-precipitation of lead sulphamate with sulphate and from 
~3% *SO,?~ present in the labelled sulphamic acid. The method gave reasonable first-order 
curves but the rate constants of identical runs could vary by about +4%. The reaction was 
usually followed up to the second half-life. 

Kinetic Procedure.—Solutions were prepared at room temperature and an allowance made 
in the concentration values for the expansion of water in reaching water-thermostat tem- 
peratures of 80° and 95° (+0-1°). NH,**SO,H (0-0125 mmole) was dissolved in aqueous 
perchloric acid (250 c.c.) containing sodium perchlorate at the required temperature. At 
various times a portion of the solution was removed and cooled quickly, an aliquot part (20-0 
c.c.) partially neutralised with aqueous ammonia (to pH 3—5), and 0-06M-ammonium sulphate 
was added (5-00 c.c.). The precipitate obtained by adding 0-06m-lead nitrate (5-0 c.c.) was 


Kinetics of hydrolysis of sulphamic acid. 


Added 10*k Added 10k 
Run no. [HCl10,) [y) p [M] (min.~?) Run no. [HClO,] [m] p [M] (min.~?) 
At 80-0° At 95-0° (contd.) 
le 0-097 0-136 9-8 18 0-2575 1-03 74-9 
3¢ 1-04 1-08 19-4 19 0-514 1-03 89-8 
3° 1-04 1-08 19-2 20 1-030 1-03 108-4 
4° 1-04 1-08 20-1 21 1-030 2-06 115-2 
5 1-04 1-08 20-7 22 2-06 2-06 132-5 
6° 3-25 3-29 22-3 23 5-76 5-76 108-0 
24 0-0099 0-0147 16-6 
At 95-0° 25 0-0103 0-0150 18-6 
7 —_ 1-03 <0-025 264 0-0099 0-0147 30-8 
8 0-00155 1-03 0-83 274 0-0103 0-0150 32-9 
9 0-0032 1-03 1-5 28 2-55 2-55 144-5 
10 0-0047 1-03 2-5 29° 2-57 2-57 136-8 
ll 0-0068 1-03 3-5 30/ 2-57 2-57 135-8 
12 0-0103 0-0103 13-8 31° 0-103 0-96 49-4 
13 0-0103 1-03 5-3 32°¢ 0-103 0-967 44-4 
14 0-0206 1-03 10-8 
15 0-0308 1-03 18-5 
16 0-0514 1-03 28-8 
17 0-1030 1-03 41-6 


* Dithizone estimation. ® EDTA estimation. * NO,--Ce(iv) estimation. * 99-8% D,0O. 
* 99-8%, D,O containing DCIO,., / As e but also using ND,"SO,D. /” Including 0-03m-BaCl,. 





® Archer, Analyst, 1957, 82, 208; White, Mikrochim. Acta, 1959, 254. 
® Bond, Chem. and Ind., 1955, 941. 
1 Whitman, Analyt. Chem., 1957, 29, 1684. 
'! Libby, Analyt. Chem., 1947, 19, 2. 
6x 
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filtered off, washed with water, alcohol, and ether, matted (~60 mg. cm.~?) on thick aluminium 
discs,4* and radio-assayed by a Geiger—Miiller tube and the usual electronic equipment. The 
“‘ infinite ’’ sample of sulphate was obtained from the reaction mixture after 6—7 half-lives, 
but the same result was obtained by the more convenient procedure of adding excess of NO,~ 
in about 0-1m-perchloric acid, sulphate then being quantitatively formed. The results are 
shown in the Table. The pseudo-first-order rate constants k refer to the relation: rate = 
k{sulphamate + sulphamic acid]. All measurements were in perchlorate medium except run 
32. In the majority of the runs by the radiochemical method, 5 x 10°m-NH,**SO;,H was 
used, except for the D,O and comparative H,O experiments (runs 24—30) where 5 x 10m- 
concentrations were used to conserve deuterium oxide. The chemical assay runs used 0-04m- 
sulphamic acid (0-01M in runs 31 and 32). Runs 31 and 32 showed that homogeneous precipit- 
ation of barium sulphate used in gravimetric determination of barium is not accelerated by 
barium ions. 


DISCUSSION 


The experiments at 80° establish that the radiochemical method of estimation of total 
sulphate (sulphate and bisulphate) produced in the reaction gives similar results to 


Fic. 2. Plot of reciprocal of first-order rate 
constant against reciprocal hydrogen-ion 
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chemical analysis for either total sulphate or sulphamate. They also indicate, as expected, 
that no sulphur exchange occurred between NH,*SO,H and SO,?- during the hydrolysis. 
The majority of the experiments were conducted at 95° to give reasonable rates for 
measurement. Those for 10m to 6m-perchloric acid are given by runs 8—23, and the 
first-order rate constants, k, are shown in Fig. 1 as a function of pH. Obviously it was not 
possible to extrapolate the rates at higher acid concentrations to zero ionic strength (as 
did Maron and Berens! in their low-acidity work), and runs 8—20 were carried out at 
constant ionic strength (1-0m) so as to minimise activity coefficients effects. Runs 22—23 
were at ‘“‘ natural ’’ ionic strength, when the rate was insensitive to ionic strength. At 
low acidity, is of first order in hydrogen-ion concentration, confirming Maron and Berens’s 
results. Run 24 gives a value for second-order rate constant of 0-112 mole 1.1 
min.+. We have interpolated to 95° Maron and Berens’s value for & at a similar ionic 
strength and obtain a value 0-098 mole 1. min. in fair agreement. The discrepancy 
may arise from the fact that the latter authors (a) took a value for K°yso,- (0-012) not now 
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considered correct and (b) were not able to allow in their treatment for incomplete ionisation 
of sulphamic acid at the concentrations which they employed. At higher acidities 
(>0-I1m), & becomes less dependent on pH and reaches a limiting value at about 2m- 
perchloric acid. These results are in agreement with the pre-equilibrium mechanism 
where at higher acidity the sulphamate is converted largely into the acid form: 


H,N°SO,~ + H*+ === H,N’SO 3H Equilibrium (constant 1|/K) 
H,NSOjH + H,O —— NH,* + HSO,- Slow, ky 


A value for the ionisation constant for sulphamic acid (K) can be obtained from the kinetic 
results, for: 


4{SO,- + HSO,-]/at = —d[{NH,SO,- + NH,’SO,H]/dt = [NH,-SO,H] 


Therefore ok OM! eS od i 
1/k = K/k,{H*] + 1/k, oie els anal? srronque 


From the linear plot of 1/k against 1/[H*] (Fig. 2), k, and K can be calculated. The 
values (139 x 10¢ min. and 0-266 at 95-0°) have been substituted in (1) in order to 
calculate the theoretical curve which is shown in Fig. 1. 

The thermodynamic ionisation constant of sulphamic acid has been determined by 
E.M.F.2, and conductance * measurements. A relationship, —log K = (3792-8/T) — 
24-122 + 0-041544T7, has been deduced from the measurements between 10° and 50°,” 
leading to a probable value for pK of 1-45 at 95°. It is difficult to assess the magnitude 
of the effect of a 1-OM-ionic strength on this value, but from the modified Debye—Hiickel 
relationship (A = 0-597 at 95°) 


pK, -1 2 pK, =o — 2Apt/(L + pt) 2 0-85 


This value is reasonable in view also of some data on the effect of sodium chloride concen- 
tration on the ionisation constant,” and its agreement with the kinetic value (0-6), 
in view of the extrapolations involved, strongly supports the suggested mechanism. 

The results in deuterium oxide can also be rationalised.4* In the limiting region 
(runs 28—30), when we are considering simply the hydrolysis of sulphamic acid, 
RP20/RHO — kyP20/k,42°0 — 0-95, a not unexpected isotope effect. In dilute acid, on the 
other hand (runs 24—27), the reaction is faster in deuterium oxide (#?:°/k#:° = 1-80) and 
this also is expected for a reaction involving a rapid pre-equilibrium proton transfer.” 
The observed ratio is, however, somewhat Jower than is usually encountered for such a 
reaction. However, the reactions were studied at 95°, the temperature (29°) of the 
maximum pX value for sulphamic acid has been exceeded, and the dissociation constant 
of the deutero-acid in D,O (Kyp,-so,p) will be closer to (although smaller in value than) that 
of the proto-acid in H,O (Kyu,-so,n) than is the case at lower temperatures. Since at 
a constant low acidity: 


gph 
RDO _ hyh° | Kenysot — Kyn,son 


RM:0 ~~ th © Kxp.so,p~ Kwp,so,p 
the higher temperature will itself lower the k?:°/k™:° ratio from that encountered at lower 
temperature. 

The energies and entropies of activation determined by Maron and Berens (30-5 
kcal./mole and 9-7 e.u.), as was pointed out by them, include the energy and entropy of 
formation of sulphamic acid. These latter values can be estimated from the data of 

12 Popplewell and Wilkins, J., 1955, 4098. 


13 For discussion of relative rates of acid-catalysed reaction in D,O and H,O, see Long and Bigeleisen, 
Trans. Favaday Soc., 1959, 55, 2077. 


14 Gurney, “‘ Ionic Processes in Solution,”” McGraw-Hill, New York, 1953, pp. 150—155. 








4240 Sulphur—Nitrogen Compounds. Part I. 


King and King ® as +-0-9 kcal./mole and +9 e.u., and this will mean values for the energy 
and entropy of activation of hydrolysis of sulphamic acid (the slow step) of 29-6 kcal./mole 
and 0-7 e.u. respectively. Our values for the rate constant in high acid concentration at 
80-0° and 95-0° yield kinetic parameters of 29-7 kcal./mole and 3-2 e.u. respectively, in 
satisfactory agreement. Maron and Berens commented that their observed energy and 
entropy of reaction were unusually high because these included the thermodynamic terms 
for the pre-equilibrium. It is seen now that the slow hydrolysis step is still accompanied 
by a large energy of activation, and Maron and Berens’s reasons for the complex mechanism 
they correctly postulated are less convincing. 

In this paper, sulphamic acid in solution has been formulated, purely for convenience, 
as the neutral species. The evidence from X-ray and infrared ?® studies for the 
zwitterionic structure, NH,*SO,~, in solid sulphamic acid appears overwhelming. The 
species in solution is less certain, but from dielectric-constant measurements in certain 
organic solvents !” and from Raman spectra in aqueous solution,!* the zwitterion is believed 
to be present here also. The low value for the entropy of ionisation of sulphamic acid in 
water supports this idea, since usually negative entropy changes of some 20 entropy units 
are observed for ionisation of a number of uncharged acids.’* There will be less change 
of solvation when a zwitterion rather than an uncharged acid ionises. 

Siebert 1* has suggested, from spectral analysis, that the S-N bond is weaker in the 
acid than in sulphamate ion, and that this is an explanation for the easier hydrolysis of the 
acid than of the ion. In fact the longer S-N bond distance in sulphamic acid }5 (1-74 A) 
than in potassium sulphamate ” (1-60 A) supports this contention. That there is a 
relation between the S-N bond distance and hydrolytic stability has been noted by 
Jeffrey and Jones,” since an S-N distance in potassium iminodisulphonate of 1-66 A is 
observed and this hydrolyses more rapidly in acid solution than does the sulphamate.*! 
Here too a base—acid pre-equilibrium is probably invg]ved, and it is reasonable to suppose 
that the S-N distance in the (unobtainable) iminodisulphonic acid is longer than that 
in sulphamic acid. 

It is uncertain whether, in the slow step, water is actively involved in the transition 
state (i.e., A-2 reaction **) or whether a kinetic intermediate is formed which subsequently 
reacts rapidly with water (A-1 reaction). Pritchard and Long * contended that values 
for k®:°/k#:° in the range 1-9—2-6 are often found for A-1 reactions, and that with these 
reactions the difference in k,?*° and k,"° will be small, as we have found. For reasons 
we have already considered, our value for k:°/k#:° (1-80) would be raised at the lower 
temperatures with which Pritchard and Long’s semi-empirical correlation is concerned. 
In addition, with similar classes of compounds, an A-1 mechanism is generally associated 
with more positive entropy of activation (5—10 e.u.) than with an A-2 mechanism (—20 
to —25e.u.).* Although these relations refer to the hydrolysis of neutral molecules, and 
we are here concerned with the sulphamate ion, an A-1 mechanism appears favoured then, 
in which case the hydrolysis of sulphamic acid may involve: 





~)\ 
H,;N*+—SO,- ——t H,N ++ SO, Slow, ks 
HN + SO, + H,O —— NH,+ + HSO,- Fast 





1 Kanda and King, J. Amer. Chem. Soc., 1951, 73, 2315; Osaki, Tadokoro, and Nitta, Bull. Chem. 
Soc. Japan, 1955, 28, 524. 

16 E.g., Siebert, Z. anorg. Chem., 1957, 292, 167. 

17 Hovermale and Sears, J. Phys. Chem., 1956, 60, 1579. 

18 Frost and Pearson, “‘ Kinetics and Mechanism,”’ Wiley, New York, 1953, p. 123; Harned and 
Owen, “‘ The Physical Chemistry of Electrolytic Solutions,’’ Rheinhold, New York, 1950, p. 514. 

1” Jeffrey and Stadler, J., 1951, 1467. 

20 Jeffrey and Jones, Acta Cryst., 1956, 9, 283. 

*t Doyle and Davidson, J. Amer. Chem. Soc., 1949, 71, 3491. 

22 Long and Paul, Chem. Rev., 1957, 57, 935. 

23 Pritchard and Long, J. Amer. Chem. Soc., 1956, 78, 6008. 

24 Long, Pritchard, and Stafford, J. Amer. Ghem. Soc., 1957, 79, 2362. 
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The kinetics observed can also be explained by slow protonolysis of sulphamate ion: 
H,N-SO,- + H,O+t ——t NH,+ + HSO,- 


The limiting rate is reached when the (low) sulphamate concentration decreases propor- 
tionately as the hydrogen-ion concentration increases. In addition, the differentiation 
of the two mechanisms from rate behaviour in deuterium oxide has been questioned 
recently. It does, however, seem unreasonable that hydrolysis should proceed 
preferentially through the anion, when the shorter N-S bond distance in the latter is 
borne in mind, and for at least this reason we favour the pre-equilibrium mechanism. 


We are grateful for the award of a Leverhulme Research Scholarship (to J. P. C.) and we 
thank Professor T. Halpern for a helpful discussion. 


THE UNIVERSITY, SHEFFIELD. (Received, April 27th, 1960.]} 
25 Gold, Trans. Faraday Soc., 1960, 56, 255. 





829. The Polarography of 4-Arylazo-1-naphthylamines. 
By A. G. CATCHPOLE and R. A. KNaust. 


A plot of the half-wave potentials of 4-(para-substituted arylazo)-1- 
naphthylamines in solutions at four pH’s against Hammett’s o-function is 
essentially linear. The reduction is favoured by a lower pH and the slopes of 
the lines show that electron-attracting groups favour reduction, but only to a 
relatively small extent, and that this effect is less as the acidity is increased. 


THE polarographic behaviour of azo-compounds has been reported by several workers,! 
eg., of azobenzene, 4-aminoazobenzene, 4-dimethylaminoazobenzene, 4-methoxyazo- 
benzene, and 4-acetoxyazobenzene, as well as some azo-dyes. The half-wave potentials 
of these substances have been determined at various pH values, at different concentrations, 
and with different configurations at the azo-link but, so far, the variation of the half-wave 
potential with substitution in azo-compounds has not been reported. This has now been 
investigated for a series of 4-(para-substituted arylazo)-1-naphthylamines. 

Tachi and Shikata ? found that the reduction potential of 4-dimethylaminoazobenzene 
was more negative than that of the unsubstituted amino-derivative, which suggests that 
the reduction is hindered by increasing electron-release from the substituent. This is 
supported by Pittoni* who reported a half-wave potential for azobenzene of —0-80 v and 
for 4-dimethylaminoazobenzene of —0-88 v, and by Vladimirtsev and Poskovskii * who 
obtained half-wave potentials for azobenzene —0-320 v, and the 4-acetoxy- —0-322 v, 
4-methoxy- —0-358 v, and 4-hydroxy-derivative —0-383 v. 

Laitinen and Kneip® obtained half-wave potentials for 4-dimethylaminoazobenzene 
which became less negative with decreasing pH. They reported that at low pH the 
reaction involved a four-electron reduction but at pH 9-5 and 13-5 a two-electron reduction 
to the unstable hydrazo-compound. 


Experimental.—4-Arylazo-1-naphthylamines. The azo-compounds were prepared from the 
anilines by diazotisation and coupling with 1-naphthylamine, followed by recrystallisation to 
constant m. p. 


Measurements.—These were made on a Tinsley model 18/1M polarograph with the sensitivity 


1 Kolthoff and Lingame, “‘ Polarography,”’ Interscience, New York, 2nd edn., p. 767. 
® Tachi and Shikata, Mem. Coll. Agric. Kyoto, 1937, 40, 1. 

3 Pittoni, Atti Soc. med. chir. Padova, 1947, 25, 125. 

* Vladimirtsev and Poskovskii, Doklady Akad. Nauk S.S.S.R., 1952, 88, 855. 

5 Laitinen and Kneip, J. Amer. Chem. Soc., 1956, '78, 736. 
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control adjusted to give a full-scale deflection with a current of 2 microamperes. For 4-p- 
nitrophenylazo-l-naphthylamine, owing to its low solubility, the sensitivity was adjusted to 
give a full-scale deflection with a current of 0-5 microampere. The temperature was controlled 
at 25° + 0-1°. The values of the constants of the electrode, determined in aqueous 0-Im- 
chloride at zero applied potential and a head of mercury of 41-8 cm., were: ¢ = 3-45 sec., 
m = 2-66 mg. sec."}. 

The solvent was 50% v/v aqueous ethyl alcohol, and each solution contained 0-02% w/v 
of polyvinyl alcohol as a maximum suppressor and was 10™m in azo-compound, except for the 
nitro-compound whose exact concentration was unknown (owing to its low solubility). 

The following concentrations of base electrolyte were used, the apparent pH of the solution 
as measured by a glass electrode being shown in parentheses: 0-1M-NaHSQO,, 0-01m-Na,SO, 
(2-0); 0-05mM-NH,H,PO, (5-1); 0-05m-(NH,),HPO, (8-2); and 0-05m-NaOH, 0-05mM-KC1 (12-7). 
No maxima were observed in any of these solutions with any of the compounds. 

The results are tabulated. 


Polarographic reduction of 4-(para-substituted arylazo)-|1-naphthylamines. 


Subst. E} (v) v. S.C.E. 
se aeebepseaine - it 
pH: 2-0 5-1 8-2 12-7 M. p. 
BP geanaseeqeap dese chvanauvecs — 0-051 — 0-455 — 0-62 — 0-866 124-5° 
ED Sieecacecetsconissvunssecttocs — 0-038 — 0-429 — 0-582 — 0-828 147-5 
ID senecthosnccabednevqccsesesseneass — 0-029 —0-410 —0-544 —0-811 123 
EE Sauiehineamintswesenengnicssunese — 0-035 — 0-389 — 0-549 — 0-794 189 
BP eth nigacacesadvepssaanensnrs — 0-039 — 0-381 — 0-545 — 0-793 200 
PA sccccvensavieeievasesnetice — 0-024 — 0-366 — 0-490 - 192 
IR devsddacinrdatudndbadesccdeden —0-061 — 0-308 —0-475 — 0-750 215 
FOU site tdanpintecdehbonsbanssanss — 0-022 — 0-300 — 0-452 — 0-675 256 (decomp.) 


Discussion.—In acid solution amino-substituted azo-compounds are protonated and 
there is considerable evidence that in many cases thé proton is taken up by the nitrogen 
atoms of the azo-linkage,® there being an equilibrium *H,N-X-N,"Y == H,N*X:N=NH*Y. 
Both structures, being positively charged, would be expected to increase the electron- 
affinity of the azo-linkage. In solutions of lower pH the concentrations of molecules 
with these structures will increase and the half-wave potentials would be expected to 
become less negative as the pH decreases. For 4-dimethylaminoazobenzene Laitinen and 
Kneip > reported changes in the value of E; of about 0-108 v per pH unit below pH 6, 
and of 0-051 v per pH unit above pH 7. The 4-arylazo-1-naphthylamines show much the 
same behaviour, the E, values becoming less negative over the pH range 5-1—2-0 by 
amounts which varied with the compound, from 0-13 v per pH unit for those with electron- 
releasing substituents to 0-99 v for those with electron-attracting substituents. As with 
p-dimethylaminoazobenzene the change per pH unit in solutions of higher pH is less, 
varying from 0-058 to 0-049 v per pH unit over the pH range 5-1—12-7. 

The results further show that at a fixed pH the E, values become increasingly less 
negative as the electron-attracting power of the fara-substituent increases. This is 
consistent with the results mentioned previously and indicates that the substituents cause 
permanent electron-displacements at the azo-linkage with resulting changes in the electron- 
affinity of the molecule, this affinity being increased by electron-attracting and decreased 
by electron-releasing groups. Measured in this way the electron-density of the azo- 
linkage decreases in the order shown in the Table. This is the same as was found by 
Badger and Lewis’ from measurements of the rate of oxidation of azobenzenes by per- 
benzoic acid. 

Plotting the E, values against the Hammett o-function § for each of the substituents 


* Klotz, Fiess, Chen Ho, and Mellody, J. Amer. Chem. Soc., 1954, 76, 5136; Rogers, Campbell, and 
Maatman, ibid., 1951, 78, 5122; Cilento, Miller, and Miller, ibid., 1956, 78, 1718; McGuire and Zeffanti, 
J. Org. Chem., 1956, 21, 632; Jaffé and Si-Jung Yeh, ibid., 1957, 22, 1281; Sawicki, ibid., p. 365. 

? Badger and Lewis, J., 1953, 2147. 

§ McDaniel and Brown, J. Org. Chem., 1958, 23, 420, 
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gives a straight line at each of the four pH values. The methoxycarbony]l is hydrolysed 
in the strongly alkaline solution, and under these conditions the value for E, was unreliable. 
The slopes of the lines at the pH values of 5-1, 8-2, and 12-7 are practically the same, at 
about 0-10 v per Hammett unit, and indicate a weak substituent influence. At pH 2-0 
the slope is only about 0-03 v per Hammett unit, indicating that the substituent influence 
is weaker still under these conditions. In the protonated forms of the arylazo-1-naphthyl- 
amines the positive charge will, no doubt, have a dominating effect on the electron-affinity 
of the molecule, facilitating the reduction but decreasing the substituent influence. Both 
the protonated structures shown above, particularly the -N=NH*- form where there is 
a full positive charge at the seat of reduction, could account for the large shift in E, to 
less negative values observed as the medium becomes more strongly acidic. 

The E, values obtained for unsubstituted phenylazo-1-naphthylamine agree with those 
obtained by Laitinen and Kneip ® for #-dimethylaminoazobenzene at the same pH. The 
slightly more negative values for the latter compound reflect the greater electron-releasing 
power of the dimethylamino-group than of the amino-group. This suggests that molecules 
of a similar structure are undergoing reduction in the two cases and discounts the possibility 
that an imino-form HN:X°N-NH’Y is involved (such tautomerism is impossible for p- 
dimethylaminoazobenzene). 

For #-dimethylaminoazobenzene and phenylazo-l-naphthylamine differences appear, 
however, when the reversibility of the reduction is considered. For azobenzene Castor 
and Saylor ® reported reduction as reversible over the whole of the pH range covered in 
the present investigation, whereas Wawzonek and Fredierickson ! found reversibility only 
over the pH range 2—6. Using the equation 

RT i 
E=E,+2 SF logig a 
and plotting E against log,, [¢/(ta — 7)] gives straight lines for all the arylazo-1-naphthyl- 
amines at the lower pH’s but not for those compounds with electron-releasing substituents 
at pH 12-7 or for the f-nitro-compound at pH 8-2. The non-linear plots are taken as 
evidence of irreversibility under these conditions. The linear plots obtained at the lower 
pH’s are not, of themselves, evidence of reversibility but, in view of the other evidence, it 
is reasonable to assume reversibility with the arylazo-l-naphthylamines at the lower pH’s. 
This assumption being made, it becomes of interest to calculate the number of electrons 
involved in the reduction from the slopes of the linear plots at the lower pH’s. Castor 
and Saylor ® reported a two-electron reduction with azobenzene, but Laitinen and Kneip 5 
found four electrons to be involved in the reduction of p-dimethylaminoazobenzene in 
acid solution. Values of about 2 are obtained with the arylazo-l-naphthylamines, though, 
in the absence of more definite evidence that the reactions are reversible, these values must 
be treated with reserve. 


We thank Mr. J. Hall, M.Sc., A.R.I.C., for assistance with the preparations, the Department 
of Scientific and Industrial Research for the award of a Special Research Grant (to A. G. C.), 
and the Joint Education Committee for the Derby and District College of Art and Technology 
for the award of a Research Assistantship (to R. A. K.). 
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® Castor and Saylor, J. Amer. Chem. Soc., 1953, 75, 1427. 
10 Wawzonek and Fredierickson, J]. Amer. Chem. Soc., 1955, '77, 3985. 
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830. The Colour of Organic Compounds. Part IX.* Merocyanines 
Derived from 2-Hydroxythiazoles and Thiazole-2-thiols. 


By E. B. Knott. 


2-Hydroxy-4-phenylthiazole and 4-phenylthiazole-2-thiol, which contain 
a nucleophilic carbon atom at position 5, react under basic conditions with 
2-acetanilidovinyl derivatives of heterocyclic quaternary salts to give mero- 
cyanines (VIII; X = OorS). These are strongly polar dyes, particularly 
when X = S, as indicated by their showing hypsochromic absorption shifts 
with increase in solvent polarity. They, and the cyanines (IX), obtained on 
quaternization are photographic desensitizers. 

Similar reactions with 2-hydroxy-4-methylthiazole lead to trinuclear 
dyes, e.g., (X), as a result of the additional reactivity of the 4-methyl group. 
These complex dyes which contain a cyanine-like resonance system may also 
be quaternised to give true cyanines (XI). 

The absorption characteristics of these dyes are discussed. 


THE first step in the formation of cyanines or merocyanines, by base-catalysed condens- 
ation of 2-acetanilidovinyl derivatives (1) of heterocyclic quaternary salts with compounds 
containing a reactive methyl or methylene group is essentially an electrophilic attack by 
the 2-carbon atom of the vinyl group on the nucleophilic methyl or methylene group or 
on the anion of the latter. It is analogous to the attack by diazonium salts on reactive 
methyl! or methylene ? groups, or by oxidized photographic colour developer, which is 
a quinone 1,4-bis-NN-dialkylimmonium cation.* In searching for new nucleophilic ring 
systems containing an active hydrogen atom, for incorporation in a merocyanine molecule, 
it was of interest to study systems which are known to react with diazonium salts or 
oxidized colour developer. Foremost amongst these are phenolic compounds, which 
contain a nucleophilic carbon atom in the position para to the hydroxyl group. 


° ti Y aes 
{ 4,C°CH:CH*NPhAc + € Son t> (| :CH-CH <_yo 
“N ‘N 


R (I) R (II) 


It is known that dyes of type (II) can be obtained by the condensation of 2-methyl 
derivatives of heterocyclic quaternary salts with p-hydroxybenzaldehyde, but that they 
are not formed from 2-acetanilidovinyl derivatives * of the same quaternary salts (I) and 
phenol. These dyes and derivatives are the only merocyanines known in which the keto- 
group is not adjacent to the chain between the nuclei. 

The lack of reactivity of phenol towards the salt (I) must be a result of an insufficiently 
high electron-density on the atom in position 4 of the ring. This density can be increased 
by a number of structural changes, one of which is to replace the benzene ring by a hetero- 
cycle. This is applied in normal merocyanine condensations by the use of non-aromatic 
heterocyclic keto-methylene compounds, many of which form aromatic enolates. In 
all cases, coupling occurs at position 2 with respect to the carbonyl group. To transfer 
such coupling to position 4, heterocyclic hydroxy-compounds of type (III) are required. 

Such a system exists in 2-hydroxythiazoles (V; X = O) or 2-hydroxyimidazoles (VI; 
X =O) unsubstituted in the 5-position. It is known ® that there is a high electron 


* Part VIII, J., 1956, 1360. 


' Konig, Ber., 1924, 57, 1292; Wahl and Lebris, Compt. rend., 1952, 234, 631. 

® Knorr, Annalen, 1887, 238, 183. 

® Tong and Glesmann, J]. Amer. Chem. Soc., 1957, 79, 583. 

* (a) Kiprianov and Petrunkin, J]. Gen. Chem. (U.S.S.R.), 1940, 10, 600, 613; (6) Kiprianov and 
Timschenko, ibid., 1947, 17, 1468; (c) Knott, J., 1951, 3038; (d) Brooker, Keyes, and Heseltine, /. 
Amer. Chem. Soc., 1951, 78, 5350. 

5 Pullman and Metzger, Bull. Soc. chim. France, 1948, 1021. 
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density at position 5 in thiazole itself and that 2-hydroxy-4-phenylthiazole (V;- X = O, 
R = Ph) will couple in the 5-position with diazonium salts; ® also? that 2-anilinothiazoles 
(IV) couple with oxidized colour-developer. 2-Hydroxy-4-phenylthiazole also couples 
with the latter to give an unstable blue dye. 


8-_S 8-_S <4 N 
4 = [ >NHPh [ XH [ xH I >xH 
= — = - 4 
CH=CRIN=C7OH og ‘f R - R Ra a 
(III) (IV) (V) (VI) (VII) 


Although the imidazoles (VI; R = Ph, R’ = Me, X = O) and triazoles (VII; X = O 
or S) showed no reactivity towards a compound (I), the thiazole (IV; R = Me) readily 
gave intensely coloured solutions under strongly basic conditions (sodium ethoxide in 
ethanolic pyridine), and the analogue (V; R = Ph, X = O) gave stable dyes (VIIIa <—» 
VIIIb; X = O) under such conditions. 


“~ ee! “ ‘ve ol 
‘ > f ‘ ° . 
{ _S:CH-CHC, AN — 44,0 {CHC aN 
N Ph R Ph 


(VIIa) (VIIIb) 


- 


Similarly 4-phenylthiazole-2-thiol (V; R= Ph, X = S) gave the analogous thiones 
(VIII; X = S), under less basic conditions in pyridine-triethylamine. A higher vinylogue 
of the dye (VIII; X =O) was obtained from 2-(4-acetanilidobuta-1,3-dieny])-3-ethyl- 
benzothiazolium iodide. All these dyes are easily quaternized by alky] esters to give true 
cyanines (IXa ~<-» IXb). 


St 
s—cx ” S—C=X 
P i 1 | ’ ts ‘“ ° , 
{ JE:CH+CHiC, SNR +o { .,6-CHCH Ce WR 
R Ph » Ph 
(IXa) (IXb) 


The condensation of 2-2’-acetanilidovinyl-3-ethylbenzoxazolium iodide with 2-hydroxy- 
4-methylthiazole, in the presence of alcoholic sodium ethoxide and pyridine gave, initially, 
a yellow solution, this colour being expected by analogy with the 4-phenyl analogue. The 
colour was, however, rapidly degraded on further heating and replaced by an intense, 
blue-green. The dye which was then isolated gave blue solutions in pyridine. Analogous 
dyes were obtained from benzothiazolium and 1,3,3-trimethylindoleninium salts. 


¢o 
C co 
4s “™ 
fe} S {N H ° Ss WN re) 
\ é el +(1) \ I it / 
-2CH-CH= — a O2CH:CHeC — C-CH:CH*CH#C. 
N N N 
Et Et (X) Et 


Since the only structural change was the replacement of the 4-phenyl by the 4-methy] 
group in the thiazole ring, it was presumed that the latter group, when present in the initial 
yellow, normal dye, became nucleophilic and condensed with a second molecule of 2-2’- 
acetanilidovinyl-3-ethylbenzoxazolium iodide to give the trinuclear dye (X). Analyses 
of the isolated dye (X) and its-analogues confirmed this, but in each case one molecule of 
ethanol was tenaciously held. Treatment of the dye (X) with methyl iodide gave the 
true cyanine (XIa, b), solutions of which are easily bleached by light. 


* Ganapathi and Venkataraman, Proc. Indian Acad. Sci., 1945, 22, A, 343. 
? Dr. J. R. Thirtle, Eastman Kodak Co., personal communication. 
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The cyanine (XI) is a higher vinylogue of a series of dyes obtained by Nys® by a 
different method. 

Analogous experiments with compound (I) and 4-methylthiazole-2-thiol gave intensely 
and deeply coloured solutions, the colour of which degraded rapidly. In one experiment, 
2-2’-acetanilidovinyl-3-ethylbenzoxazolium iodide and the thiazolethiol (V; R = Me, X = 
S) in pyridine with triethylamine gave an intensely purple solution, fading to orange and 
yielding 3,3’-diethyloxacarbocyanine iodide in low yield. 

The Absorption of the Dyes.—(a) Merocyanines (VIII). Consideration of the two 
extreme resonance structures of these dyes (VIIIa, b) shows that, whereas in the classical 
structure (VIIIa) both heterocycles are non-aromatic, in the dipolar structure both rings, 
in the benzazole and quinoline series, are now stabilized by aromatic resonance. Con- 
sequently, as in the case of the related dyes * (II), it would be expected that the mero- 
cyanines (VIII) would be strongly polar. It would also be expected that the thione 
(VIII; X =S) would be more strongly polar than the oxo-compound (VIII; X = O) 


co 
“~N 


re) S NMe ° 
‘\ | i , 
ACH CHeC —C=CH: CH:CH-C, . 

N N 


go wn Ee oy (XIb) Et 


N 
OLp cron nfanranct 
+40 ~CH?CH-C == C-CH?CH:CH=C is | 
N N 


eS 3 (Xla) Et se 
S° +NM 
he, ite a 
JCBCH:CH®C — C-CH?CH:CH=C 
N Lu N 
a (XIc) Et 


by virtue of the stronger +-M effect of the C=S group. Both these forecasts were confirmed 
by the solvatochromic behaviour of the dyes (see Table). They all show hypsochromic 
shifts with increasing solvent polarity. These shifts are particularly pronounced for the 
thione dyes, which indicates “ their higher degree of polarity, as do their lower extinction 
coefficients (compared with those of the oxygen analogues). 

Since the gain in resonance stabilization of the right-hand nucleus in moving from 
(VIIIa) to (VIIIb) is lower than in the case of the carbocyclic analogues (II), the magnitude 
of the shifts is also lower. 

It is of interest that for the dye (VIII; X = O) the strongly basic l-ethyl-1,2(or 1,4)- 
dihydroquinolinylidene dyes give a much greater total shift than the less basic nuclei. 
This would be expected as a result of their greater polarity. In the series (VIII; X = S) 


Ss CH Ss aie Ss CH l S 
x Tp, = i x X Jn onl o-x- 
N N N N 

( 


(XIIa) XIIb) 


this pattern is not observed. Here the dihydroquinoline dye shows a more complex 
spectrum, but the maximum shift is smaller than for the other dyes which show a constant 
shift. The reason for this is not known. 

In order to determine the degree of energetic asymmetry of these dyes by Brooker’s 
deviation method ® it is necessary to obtain the absorption peak of the oxonols, the anion 
of which is (XII; X = OorS). Since the merocyanines (VIII) are the structural hybrids of 
(XII) and the appropriate trimethincyanine, the calculated absorption peak of mero- 
cyanines (VIII) at the isoenergetic point is the mean of the peaks of (XII) and the tri- 
methincyanine. Any deviation from this value to the shorter wavelength side is a measure 


* Nys, B.P. 789,077. 
* Brooker ef al., J. Amer. Chem. Soc., 1945, 67, 1881; 1951, 78, 5332. 
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of the loss of energetic symmetry of the hybrid. In fairly drastic conditions of synthesis 
the oxonol (XII; X = O) was obtained. 

The Table shows the deviations given by the merocyanines (VIII). It will be noted that 
in pyridine (VIII; X = O) shows negative deviations in all cases, these being greatest for 
the strongly basic nuclei. In 50% aqueous pyridine the first three dyes show no deviation, 
whilst the quinolines show positive deviations. In pyridine—-water (1 : 2) all show positive 
deviations. The reason for the negative deviation is obscure. It could imply that, for 
some reason, the oxonol absorption is at shorter wavelengths than it should be. This 
might well be a result of a twisting of both phenyl residues out of the plane of the molecule, 
although the effect of the presence of the phenyl groups on the absorption is not known. 
The analogue of (XII) from 2-hydroxy-4-methylthiazole could not be obtained. 

Since all the absorption peaks of the dyes (VIII; X = S) lie to longer wavelengths 
than the calculated isoenergetic peak for compounds (VIII; X = O), it is clear that the 
replacement of oxygen by sulphur has a profound bathochromic effect on absorption. 


Absorption of merocyanines (VIII) and (X). 


9° 
Ss —— Ss AN 
AlecH:cH],-A LN A= cH:cH— cH: CH-CHeA 
Ph 

(P) (Q) 

Pyr-H,O Pyr-H,0 Iso- 
Pyr * (1:1) (1: 3) Total energetic Deviation 
Amax. Amaz. Anas. shift max. Pyr-H,O 


— 

S 
- 

a 


X (mp) 10“e (mp) (mz) 10e (A) (cale.) (mp) Pyr (1: 3) 


A in dye (P) 


3-Methylthiazolidin-2- O 504 8-7 492 5-4 485 50 —19 492 —12 +7 
S 580 52 535 43 500 «2-6 —80 
3-Ethylbenzoxazolin-2- O 518 8-5 513. 625 507 5-7 —1l1 512 —6 +5 
S 596 435 550 285 516 ? — 80 
522 2-4 530 92-7 
3-Ethylbenzothiazol- O 553 94 547-795 542 705 —11 547 —6 +5 
in-2- S 634 85 580 485 560 4-2 —74 
1-Ethyl-1,2-dihydro- O 592 7:95 560 6-6 550 605 —42 571 —21 +21 
quinolin-2- 564i 
S 6551 455 616 48 607 5-1 — 48? 
621 6-9 567 3-6 563 41 
577i 2-6 
1-Ethyl-1,4-dihydro- O 653 8&1 595 55 580 4-5 —73 622 —31 +42 
quinolin-4- 608i 
A in dye (Q) 
3-Ethylbenzoxazolin-2- 625 81 657 8-8 661 10-0 + 36 
465 3-0 459 3-2 457 33 
3-Ethylbenzothiazol- 684 89 715 97 725 10-0 +41 
in-2- 499 365 494 3-1 497 2-9 
1,3,3-Trimethyl- 640 5-9 680 7:25 685 85 +45 
indolenin-2- 492 2-5 492 2-9 492 2-75 


* Pyr = Pyridine. i = Inflexion. 


Similar shifts have been ‘noted in other merocyanines by Nys™ and in cyanines by 
Wizinger." It is believed to be a function of the greater free-energy change involved in 
the process C=S —» *C-S~ than in C=O —» *C-O-, i.¢., the stronger +M effect of the 
C=S group than of the C=O group. In terms of the energy picture of extreme and excited 
structures, it means that there js a greater energy jump as the electron leaves the negatively 
charged sulphur atom in the dipolar extreme structure (VIIIb), to give an excited structure 


10 Nys, Compt. rend. 27th Congr. internat. Chim. Ind. (Brussels), 1954, Vol. 3; Ind. Chim. belge, 1955, 
20, Spec. No. 635. 

1 Wizinger, Ind. Chim. belge, 1955, 20, Spec. No. 670; Wizinger and Ulrich, Helv. Chim. Acta, 
1956, 39, 207, 217. 
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than when it leaves an oxygen atom. It is analogous to the deeper absorption of cyanines 
or merocyanines containing strongly basic (—M) nuclei, e.g., l-alkyldihydro-pyridines or 
-quinolines.2 The bathochromic effect of increasing such energy differences is forecast 
by the “ steeper the deeper ” rule of Brooker and Sklar * (see also Knott 1). 

The oxonol anion (XII) gives magenta solutions in methanol (Amax. 538 my, ¢ 4-9 « 104), 
which change to orange (Amax, 466 my, ¢ 1-9 x 104) as the oxonol is released. This strong 
hypsochromic shift is normal and is a result of the loss of energetic symmetry of the 
molecule. However, if strong acid is then added to the solution the magenta colour returns 
(Amax. 540 my, ¢ 3-5 x 10) and is permanent. The molecular species giving this colour 
must be cationic and a result of proton addition to the oxonol. The depth of colour of 
the solutions also indicates a symmetrical molecule. Possible structures are (XIIc and d). 
That the cation is best represented by (XIIc) is indicated by experiments of proton addition 
to other oxonols. Only in one case was a deepening of colour observed on addition of 
strong acid and that was with compound (XIII). The latter and the dye (XII) were the 
only oxonols of the series which contain aromatic heterocycles. Since in forms (XIIc) 


S CH S S CH S 
| + <_> + I 
HO Ph PhAQ OH HO ZaPh Ph 2 OH 
N N N N 





(XIIc) 
S CH S S CH S i — I 
<> * | Ph*CH2 "Ss fen lage S*CH,Ph 
ot Von a ay a O=\ +2 Ph pnt ho 7 N ' 
N N N N 
H H  «xtia) = H (XIII) 


aromatic stabilization is retained, but not in (XI1d), the former structure is the more 
likely. . 
(b) Cyanines (IX). These dyes are interesting in that they all show much shorter 
wavelength absorption than the parent merocyanines. This hypsochromic effect of 
quaternization is clearly a result of an increase in the energetic asymmetry of the hybrid. 
In structure (I[Xa) neither ring has aromatic stabilization; the adjacency of the positively 
charged nitrogen atom to the electrophilic C=X carbon atom results in a high-energy 

S——C=X $S—C-xX~ 

1 of, <> 7 ofl 

-Cy_ NR -Cs *NR’ 
Cc ¢ 
(XIVa) Ph Ph = (XIVb) 


structure. In structure (IXb), aromatic resonance in the left-hand nucleus is present, 
whilst the right-hand nucleus is stabilized by amide resonance (XIVa ~~» b) and aromatic 
resonance in (XIVb). An energetically, highly asymmetric hybrid would, therefore, be 
expected. 

(c) Trinuclear merocyanines (X) and cyanines (XI). These merocyanines (X) contain 
a crossed-conjugation system with the major extreme structures, (X), (Xa), and (Xb). 
The resonance systems consist of two merocyanine types (X «-» Xa) and (X ~~» Xb) and 
a cyanine type (Xa ~<~» Xb). The system (X <-» Xa) is the same as is present in the 
simple merocyanine (VIIIa <«~» b; X = O), which, as has been shown, is one of low 
asymmetry. On the other hand, the system (X «+» Xb) will be of considerably higher 
asymmetry since, unlike the position in (Xa), the dipolar extreme structure is not stabilized 
by aromatic resonance in the central ring. The short-wavelength peak of a compound 
(X) can, therefore, be ascribed to the transition (X «~» Xa), modified by (X <» Xb). 
The modification will be a hypsochromic shift of this peak from its position for the related 

12 Brooker, White, and Sprague, J. Amer. Chem. Soc., 1951, 73, 1087. 


13 Brooker (with Sklar), Rev. Mod, Phys., 1942, 14, 275. 
™ Knott, J., 1951, 1024, 
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simple merocyanine (VIII). This effect is depicted in (Xc), an important excited structure 
of the hybrid. The effect of replacing a 4-phenyl group [as in (VIII)] by the 3-ethyl- 
benzoxazolin-2-ylideneprop-l-enyl group [as in (X)], which has a strong —M effect, is to 
stabilize (Xc) and cause a hypsochromic shift." 
The relatively low sensitivity of the position of this second peak to changes in solvent 
polarity (Table), compared with that of (VIII), may well be a function of opposition by the 
9° 
Cc 


¢-@ 


fe) Ss" *N ° 
N I | 7 
C-CH: CH-C==C-CH:CH:CH=C 
N o~ 


Et 
“ ee “As 
(Xa) o S$” *N 


ee » | , ? 
X=CH: CH:C— C=CH*CH?CH-C, , 

N N 
t 


(Xb) Ec 


a 


system (X ~t-» Xb) to electron movement into the central ring by the main system 
(X ~~» Xa). 

The long-wavelength band of compound (X) must be ascribed to the system (Xa <~» 
Xb). This is a non-degenerate system, structure (Xa) being, for reasons given above, of 
lower energy than (Xb). It is, perhaps, unexpected that, with a charge-transfer system, 
this long-wavelength peak associated with it is sensitive to solvent environment, a batho- 
chromic shift occurring with increasing solvent polarity. It may be a result of a decrease 
in non-degeneracy, arising because the increasing solvent polarity stabilizes structure (Xb) 
more than (Xa). 

That (Xa ~~» Xb) does represent the hybrid responsible for the long-wavelength 
peak is indicated by a comparison of the spectra in methanol of compound (X) with its 
quaternized product, the cyanine (XI). The peaks of (X) also appear in (XI), the longer 


2 
LA « 
oO. . 5) 
NC=CH+CH=C — C-CH:CH:CH=C? 
N ™ N rae) 
Et (Xc) Et A S+ 


Cc. 
ofthe : 
Cr ‘c=*CH-CH=C —C-CH:CH:CH=C” OQ 
, 7 + ‘N 


N 
Et (XId) Et 


wavelength peak of (X) being shifted bathochromically and the shorter wavelength peak 
hypsochromically on quaternization. Both these shifts were expected ! for the following 
reasons. 

As indicated for the quaternized merocyanines (IX), the effect of quaternization is to 
impart a high degree of energetic asymmetry to the system (c ~~» a). As in comparison 
of (IX) with the parent (VIII), so also in comparison of (XI) with (X), the wavelength 
of the short-wavelength peak should be shortened. 

The only structural difference between the resonance systems (Xa <-» Xb) and (XIa 
<» XIb) is in the central ring, the group attached to the central carbon atom of the 
chain. The most significant structure in each case in which this chain-carbon atom is 
charged is (Xc) and (XId) respectively. Structure (Xc) is stabilized by the electron shifts 
shown by the curved arrows, and these shifts give a hypsochromic shift. On the other 
hand the related shifts in (XTa) will make this structure less stable and function batho- 
chromically. The long-wavelength peak of (XI) would, therefore, be expected to be at 
longer wavelength than that of (X). 
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EXPERIMENTAL 

2-Hydroxy-4-phenylthiazole, which can be obtained by a variety of methods, was prepared 
conveniently as follows. Phenacyl bromide (20 g.), isopropyl thioncarbamate (11 g.), and 
ethanol (50 c.c.) were refluxed together on a steam-bath for 15 min. The required compound 
separated rapidly and, after cooling to 5°, was collected and washed with ethanol. It (15-1 g., 
85-5%) formed flat, white needles, m. p. 212—214°, from benzene (lit., m. p. 204°). 

4-Phenyl- and 4-methyl-thiazole-2-thiol were prepared according to directions of Miolati, 15 
and 2-hydroxy-4-methylthiazole according to those of Tschnerniac.® 

Merocyanines (VIII; X = O).—5-[2-(3-Ethylbenzothiazolin-2-ylidene)-ethylidene]-4-phenyl- 
A’-thiazol-2-one. 2-2’-Acetanilidovinyl-3-ethylbenzothiazolium iodide (4:5 g.), 2-hydroxy-4- 
phenylthiazole (1-8 g.), pyridine (10 c.c.), and a solution from sodium (0-23 g.) in ethanol (5 c.c.) 
were heated together on a steam-bath for 5 min. The solution became magenta, the solids 
dissolved, and then the whole solidified. The dye was collected, washed with propan-2-ol, and 
then obtained in 77-5% yield (2-8 g.) as flat, maroon needles [from pyridine (75 c.c.)-ethanol 
(50 c.c.)] decomposing above 275° (Found: C, 65-6; H, 4:3; N, 7-65; S, 17-7. C.9H,,N,OS, 
requires C, 65-9; H, 4:4; N, 7-7; S, 17-6%). 

5-(2-(1-Ethyl-1,2-dihydroquinolin-2-ylidene) -ethylidene]-4-phenyl-A®-thiazol-2-one was obtained 
similarly from 2-2’-acetanilidovinyl-l-ethylquinolinium iodide (4:44 g.). The dye did not 
crystallize so it was precipitated with ether. The solid was boiled with ethanol (30 c.c.), the 
whole chilled, and the dye (2-65 g.) washed with ethanol. The dye was then extracted with 
benzene in a Soxhlet thimble, 0-8 g. (22-5%) crystallizing from the benzene solution. Finally 
it was obtained from pyridine—benzene as bronze or blue needles, decomposing from 260° 
(Found: C, 73-5; H, 5-1; N, 7-75; S, 8-85. C,,H,,N,OS requires C, 73-75; H, 5-05; N, 7:8; 
S, 895%). 

The isomeric 5-[2-(l-ethyl-1,4-dihydroquinolin-2-ylidene) -ethylidene]-4-phenyl-A3-thiazol-2-one 
was obtained similarly, the dye being precipitated as a tar on addition of ether to the reaction 
mixture. It crystallized when boiled in ethanol and then formed green crystals (1-25 g., 35%), 
m. p. 250°, from pyridine—benzene (Found: C, 73-9; H,4-95; N, 7-6; S, 8-9%). 

§-([2-(3-Ethylbenzoxazolin-2-ylidene)-ethylidene}-4-phenyl-A®-thiazol-2-one was obtained simi- 
larly from 2-2’-acetanilidovinyl-3-ethylbenzoxazolium iodide, and was precipitated by ether. 
It (3-0 g., 86%) was oe as flat, red needles, m. p. 246—247°, by concentrating its solution 
in methanol (Found: C, 69-1; H, 4-7; N, 7-85; S, 9-25. C, 9H,,N,O,S requires C, 69-0; H, 4-6; 
N, 8:05; S, 9:2%). 

5-[2-(3-Methylthiazolidin-2-ylidene)-ethylidene|-4-phenyl-A®-thiazol-2-one was obtained from 
2-2’-acetanilidovinyl-3-methylthiazolinium iodide (3-9 g.) and was precipitated by ether. On 
recrystallizing from methanol it (1-8 g., 59-5%) formed brick-red needles falling to a powder 
on drying, and decomposing from 261° (Found: C, 59-8; H, 4:85; N, 9-4; S, 21-05. 
C,5H,,N,OS, requires C, 59-6; H, 4-65; N, 9-3; S, 21-2%). 

5-[4-(3-Ethylbenzothiazolin-2-ylidene) but-2-enylidene|-4-phenyl-A®-thiazol-2-one was obtained 
similarly from 2-(4-acetanilidobuta-1,3-dienyl)-3-ethylbenzothiazolium iodide (4-76 g.). The 
dye was precipitated with ether and then extracted with benzene in a Soxhlet thimble. It 
(1-55 g., 79-5%) formed steel-blue flakes, m. p. 220°, from pyridine—ethanol (Found: C, 67-95; 
H, 4:7; N, 7-1; S, 16-3. C,,.H,,N,OS, requires C, 67-75; H, 4-6; N, 7-2; S, 16°4%). 

Merocyanines (VIII; X = S).—These were obtained by the use of triethylamine as base. 

§ - [2 - (3- Ethylbenzexazolin - 2 - ylidene) - ethylidene] - 4- phenyl - A*-thiazol-2-thione. 2-2’- 
Acetanilidovinyl-3-ethylbenzoxazolium iodide (2-2 g.), 4-phenylthiazole-2-thiol (1-0 g.), pyridine 
(5 c.c.), and triethylamine (0-75 c.c.) were heated on a steam-bath for 5 min. Ethanol (20 c.c.) 
was added to the deep purple solution, causing a change in colour to red. The dye then crystal- 
lized, leaving an intensely yellow liquor. The dye (0-5 g., 27%) formed fine green flakes, 
decomp. from 240°, from pyridine-ethanol. Its solutions in benzene and chloroform are blue 
(Found: C, 65-7; H, 4:6; N, 7-55; S, 17-3. C.9H,,N,OS, requires C, 65-9; H, 4:4; N, 7-7; 
S, 17-6%). 

5-[2-(3-Ethylbenzothiazolin-2-ylidene)-ethylidene|-4-phenyl-A8-thiazol-2-thione was formed in a 
similar way from 2-2’-acetanilidovinyl-3-ethylbenzothiazolium iodide (2-25 g.). The dye was 
precipitated with ether, and then dissolved in warm acetic acid (25 c.c.) to give a reddish solution 


15 Miolati, Gazzetta, 1893, 28, I, 579. 
16 Tschnerniac, J., 1919, 115, 1075. 
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of the dye salt, and the solution was diluted with water (1 1.). Undissolved carbocyanine was 
filtered off and the filtrate set aside for the dye to crystallize. The procedure was repeated and 
gave 0-9 g. (24%) of green crystals, decomposing from 245° (Found: C, 63-1; H, 4:2; N, 7-25; 
S, 24:3. Cy 9H,,.N.S, requires C, 63-2; H, 4-2; N, 7-35; S, 253%). 

5-[2-(3-Methylthiazolidin-2-ylidene)-ethylidene |-4-phenyl-A*-thiazol-2-thione was obtained simi- 
larly, the dye solidifying during the reaction. It (0-4 g., 25%) formed soft, green needles, 
m. p. 256° (decomp.), from pyridine—methanol (Found: C, 56-25; H, 4-55; N, 8-55; S, 29-9. 
C,;H,4N.S_ requires C, 56-55; H, 4-4; N, 8-8; S, 30-2%). 

Cyanines (IX).—All the merocyanines (VIII; X = O or S) were readily quaternized by 
methyl or ethyl iodide when refluxed (1—2 g.) with the halide (25 c.c.) until the colour associated 
with the merocyanine had disappeared. It required from 2 to 8 hr. 

3-Ethyl-2-[2-(3-methyl-2-o0x0-4-phenylthiazolin-5-yl)vinyl|benzothiazolium iodide, which 
separated during the 8-hours’ refluxing, was extracted with hot benzene to remove any unchanged 
dye base. It formed rust-coloured flakes, m. p. 257°, from methanol in 75% yield (Found: 
C, 50-0; H, 3-85; I, 25-3; N, 5-65; S, 12-05. C,,H,,IN,OS, requires C, 49-8; H, 3-75; I, 25-1; 
N, 5°55; S, 12-65%). 

3-Ethyl-2-[2-(3-ethyl-2-0x0-4-phenylthiazolin-5-yl)vinyl|benzothiazolium iodide was obtained 
in 76% yield as green-brown flakes, m. p. 252°, from methanol (Found: C, 50-6; H, 3-9; I, 24-6; 
N, 5:1; S, 12-3. C,,H,,IN,OS, requires C, 50-8; H, 4:05; I, 24-4; N, 5-4; S, 12-3%). 

3-Ethyl-2-[2-(3-methyl-2-0x0-4-phenylthiazolin-5-yl)vinyl]benzothiazolium iodide was obtained 
in 90% yield as brown flakes, m. p. 216°, from ethanol (Found: I, 25-6. C,,H,,IN,O,S requires 
I, 25-9%). 

3-Ethyl-2-[4-(3-ethyl-2-oxo-4-phenylthiazolin - 5-yl)buta-1,3-dienyl|benzothiazolium iodide 
formed black flakes, m. p. 272—273°, from ethanol-ether (Found: I, 23-0. C,,H,,IN,OS, 
requires I, 23-2%). 

3-Ethyl-2-[2-(3-ethyl-4-phenyl-2-thiothiazolin-5-yl)vinyl|benzoxazolium iodide was obtained from 
ethanol-—ether in 95% yield as flat, orange-red needles, m. p. 197° (effervescence), losing solvent 
at 80° (Found: I, 24-7. C,,H,,IN,OS, requires I, 24-4%). 

Trinuclear Merocyanines (X).—5-([2-(3-Ethylbenzoxazolin-2-ylidene)ethylidene)-4-[2-(3-ethyl- 
benzoxazolin-2-ylidene) prop-1-enyl)-A*-thiazol-2-one. 2-2’-Acetanilidoviny]-3-ethylbenzoxazolium 
iodide (8-7 g., 0-02 mole), 2-hydroxy-4-methylthiazole (1-15 g., 0-01 mole), pyridine (20 c.c.), and 
a solution from sodium (0-46 g.) in ethanol (10 c.c.) were heated together on a steam-bath for 
l hr. Ether was added to the blue-green solution in order to precipitate the dye as a tar. 
The latter was boiled with ethanol to give the crystalline dye. It (1-35 g., 27%) formed 
golden flakes, m. p. 207°, from pyridine-ethanol (Found: C, 67-0; H, 6-05; N, 8-15; S, 6-25. 
C,,H.3N;0,5,C,H;°OH requires C, 67-0; H, 5-75; N, 8-35; S, 635%). 

5-(3-Ethylbenzothiazolin-2-ylidene) -4-[3-(3-ethylbenzothiazolin-2-ylidene) prop-1-enyl]-A%-thiazol- 
2-one was obtained similarly in low yield. The tar precipitated by ether from the reaction 
mixture was boiled with ethanol to give the crystalline dye. The latter was extracted with 
benzene in a Soxhlet thimble. The dye, which separated from the benzene solution, re- 
crystallized from pyridine-ethanol as green needles, m. p. 192° (previous sintering) (Found: 
N, 7-75; S, 18-0. C,,H,,;N,0S,,C,H,-OH requires N, 7-85; S, 17-95%). 

5-[2-(1,3,3-Tvimethylindolen-2-ylidene) -ethylidene)-4 - [3 - (1,3,3 - trimethylindolen - 2 - ylidene)- 
prop-1-enyl}-A*-thiazol-2-one was worked up as for the benzothiazole analogue. The benzene 
extract was concentrated and chilled and the crystals formed were washed free from a red dye 
with cold propan-2-ol. They formed brassy aggregates, m. p. 177°, from a little benzene-ethanol 
(Found: C, 73-0; H, 7-2; N, 7-7; S, 5-95. C3 9H ,,N,0S,C,H,-OH requires C, 72-8; H, 7:0; 
N, 7-95; S, 6-05%). 

Trinucleay Cyanine (X1).—3-Ethyl-2-<3-{5-[2-(3-ethylbenzoxazolin-2-ylidene)-ethylidene}-3- 
methyl-2-oxothiazolidin-4-ylidene}prop-\-enyl > benzoxazolium iodide was obtained by refluxing the 
dye base (0-5 g.) in methyl iodide (20 c.c.) for 90 min. The dark green powder had m. p. 167° 
after recrystallization from methanol-ether (Found: I, 21-25. C,H ,IN,O,S requires I, 21-2%). 

5-(2-Hydroxy-4-phenylthiazol-5-ylmethylene)-2-0x0-4-phenyl-A’-thiazoline (XII; X = O).— 
2-Hydroxy-4-phenylthiazole (1-8¢g.), ethyl orthoformate (5 c.c.), triethylamine (1-5 c.c.), and 
acetic anhydride (5 c.c.) were heated on a steam-bath for 12 hr. A deep magenta colour 
developed as the solid dissolved and a second solid crystallised. The latter was collected and 
washed with methanol. It (0-8 g.) formed soft, white needles, m. p. 335—340°, from pyridine— 
ethanol. The needles reddened in air and dissolved to a magenta solution in concentrated acids 
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(Found: C, 62-5; H, 3-6; N, 7-6; S, 17:2. C,ygH,.N,0,S, requires C, 62:7; H, 3-3; N, 7-7; 
S, 17-6%). This compound is therefore isomeric with the required oxonol. The reddened needles 
became colourless on being heated. 

The magenta filtrates were treated with an excess of ether to precipitate the triethylamine 
salt of the oxonol. The latter was then mixed with hot methanol to dissolve the salt, leaving 
a yellow powder of free oxonol. The latter was dissolved in a little methanolic triethylamine, 
and the solutions were combined. To the hot solution, acetic acid was added until the magenta 
colour had been replaced by orange-red. The free oxonol then crystallized on seeding of the 
solution. It formed orange needles, m. p. 325—330°, shrinking and subliming from 250°.(Found: 
C, 62-7; H, 3-55; N, 7-9; S, 17-5%). 


I acknowledge the help of Mr. C. B. Dennis for microanalyses and of Mr. R. V. Searle for 
absorption measurements. 


RESEARCH LABORATORIES, KODAK LTD., 
WEALDSTONE, HARROW, MIDDLESEX. [Received, March 2nd, 1960.) 


831. Paper Ionophoresis of Sugars and Other Cyclic Polyhydroxy- 
compounds in Molybdate Solution. 


By E. J. Bourne, D. H. Hutson, and H. WEIGEL. 


Paper ionophoresis in molybdate solution at pH 5 has proved a useful 
analytical method for carbohydrates, complementary to the technique in 
other electrolytes. Examination of aldoses, derivatives of aldoses, and 
cyclitols has revealed that compounds with a six-membered ring system 
form complexes with molybdate if they possess three hydroxyl groups in a 
cis-cis-1,2,3-triol arrangement. 


THE fact, long known,! that molybdate forms complexes with polyhydroxy-compounds 
found little practical use until Richtmyer and Hudson 2? attempted to use quantitatively 
the greatly increased specific rotations of the hexitols in acidified ammonium molybdate 
solutions. Barker e¢ al.,3 comparing the rates of elution of the oligosaccharides of the 
maltose series from charcoal columns impregnated with borate and molybdate severally, 
suggested that the two ions formed complexes in different manners and might be 
used for separations of different pairs of sugars. Complex-formation from polyhydroxy- 
compounds and borate has been of great value as the complexes, possessing a negative 
charge, migrate in an electric field, and borate ionophoresis has been studied extensively 
and brought into general use by Foster.5 

Use of molybdate complexes in paper ionophoresis was studied for a few sugars by 
Frahn and Mills.6 We have examined the paper ionophoresis of a number of cyclic 
carbohydrates in molybdate solution at pH 5-0. This pH was chosen after trials had 
confirmed that molybdate forms complexes more strongly in acidic than in alkaline 
solution.+? The investigation has given some insight into the structure of the molybdate- 
carbohydrate complex, a hitherto unexplored field, and interpretation was aided by 
dividing the compounds into groups according to their structure. Sorbitol was used as a 
standard for the comparison of rates of migration, and glycerol as a non-migrating marker 
for correction of electro-osmosis. Hence, the migration rates are expressed as Mg values. 

Aldoses and Derivatives.—My values of aldoses and their derivatives are given in the 
Table. Glyceraldehyde and the tetroses were included for completeness. The separation 

' Honnelaitre, Ann. Chim. (France), 1925, 3, 5. 

* Richtmyer and Hudson, J. Amer. Chem. Soc., 1951, 73, 2249. 

3 Barker, Bourne, Foster, and Ward, Nature, 1957, 179, 262. 

‘ Consden and Stanier, Nature, 1952, 169, 783. 


® Foster, Adv. Carbohydrate Chem., 1957, 12, 81. 
® Frahn and Mills, Austral. ]. Chem., 1959, 12, 65. 
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of the two tetroses, which takes ca. 20 min. by this technique, is difficult by any other 
simple method. 

Glycoside formation reduced the tendency to migrate to a negligible or very low level 
(cf. D-mannose, D-ribose, and D-lyxose, and the corresponding methyl glycosides), and this 
suggested that complex formation may have been due to small amounts of aldehydo-forms, 
as in the case of borate-complex formation. However, the amounts of these forms in 
aqueous solution (e.g., D-ribose 8-5% and D-lyxose 0-4% 7) would not explain satisfactorily 
the relative rates of migration. The possibility of the formation of a “ tridentate ”’ 
complex was then examined and it was found that only those aldohexoses and aldopentoses 
which possess a cis-cts-1,2,3-triol system and thus, in at least one of their conformations,*-® 
one equatorial hydroxyl group neighboured by two axial hydroxyl groups (cf. I), migrated 
during ionophoresis. This type of “ tridentate ’’ complex is believed to occur between 
periodate and D-ribose and other compounds possessing the cis-cis-1,2,3-triol system, e.g., 
1,6-anhydro-f-p-allopyranose. Similar structures have been postulated for scyllo- 
quercitol borate ! (II) and pentaerythritol arsenite. 

In all cases, except D-ribopyranose and D-talopyranose, the cis-cis-1,2,3-triol system 
includes the hydroxyl group on the anomeric carbon atom. Substitution in, or replace- 
ment of, at least one of the hydroxyl groups of this system destroys the ability to form a 








“tridentate ’’ complex. This is exemplified by 3,4-di-O-methyl-p-mannose, methyl 
OH 
opts ~o HO 
OH 
HO OH LO OH 
Na SN HO 
HO 
HO OH HO OH 
(II) (IIIa) (IIIb) 
HO OH 
oH OH 
ee A 
yaw a HO OH 
(1Va) (IVb) (Va) HO (Vb) 
HC fe) HC fo) 
OHO OH ~O Pow ‘OH 
OH HO 
HO (vi) (Vil) OH oan 
CH,-OH HO-H,C 
HO Q Tag -OH 
HO CH,-OH 
HO 
(IX) OH 


8-D-mannopyranoside, methyl «- and $-D-lyxopyranoside, and 2-deoxy-p-ribopyranose. 
D-Ribopyranose possesses the 1(ax),2(eq),3(ax)-triol system (I) in both the Cl and the 1C 
conformation (Reeves’ nomenclature). Methyl «-p-ribopyranoside, however, has this 
system only in the 1C conformation. 

Of the p-glycero-aldoheptoses examined, the D-gulo-, D-allo-, and L-manno-compounds 

7 Pigman and Goepp, ‘‘ Chemistry of Carbohydrates,”” Academic Press Inc., New York, 1948, p. 68. 

8 Reeves, Adv. Carbohydrate Chem., 1951, 6, 107. 

® Ferrier and Overend, Quart. Rev., 1959, 18, 265. 

‘© Barker and Shaw, /., 1959, 584. 

 Angyal and McHugh, Chem. and Ind., 1956, 1147. 

12 Stevens, /. Org. Chem., 1959, 24, 1715. 
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possess the 1(ax),2(eq),3(ax)-triol system (I) in one of their conformations of the pyranose 
ring. The 4-, 6-, and 7-hydroxyl groups of all heptoses can be brought, without distortion 
of bond angles, into the same relative positions as those of the 1(ax),2(eq),3(ax)-triol 
system (I). 

Cyclitols—Less ambiguous results might be obtained from an examination of the 
behaviour of the cyclitols where the possibility of open-chain and five-membered ring 
structures does not arise. Of the eleven cyclitols examined, only myoinositol (III), 
alloinositol (IV), and epi-inositol (V) (Angyal and Anderson’s nomenclature 1) possess 
the cis-cis-1,2,3-triol system and hence migrated. Their rates of migration can be 
related to the instability factors § of their conformations which have the 1(ax),2(eq),3(ax)- 
triol system (I). Of the two chair conformations of myoinositol (IIIa and b) only the 
less favoured conformation (IIIb), which has five axial hydroxyl groups, has the 
1(ax),2(eq),3(ax)-triol system. The two chair conformations of alloinositol (IVa and b) 
are mirror images and both have three axial hydroxyl groups. Both chair conformations 
of epi-inositol (Va and Vb) possess the 1(ax),2(eq),3(ax)-triol system, but (Va) is very much 
more favoured than (Vb) and it has only two axial hydroxyl groups. 

1,6-Anhydro-8-D-aldopyranoses.—Of those examined (Table) only 1,6-anhydro-8-p- 
mannopyranose (VI) migrated. The steric arrangement of the three hydroxyl groups 


Msg Values of polyhydroxy-compounds. 
Complex-forming Mg value Not complex-forming (Mg <0-1) 


Aldoses and their derivatives. 
Glyceraldehyde 


p-Erythrose 0-9 2-Deoxy-pD-ribose Methy] a-p-glucopyranoside 
L-Threose 0-6 p-Arabinose Phenyl £-p-glucopyranoside 
p-Ribose 0-4 Methyl a-p-arabopyranoside Catechol f-p-glucopyranoside 
Methyl «-p-ribopyr- 0-1 Methyl £-p-arabopyranoside 3,4-Di-O-methyl-p-mannose 

anoside 1,2-Dideoxy-pD-arabinose Methyl! a-D-mannopyranoside 
p-Lyxose 1-1 D-Xylose ; Methyl £-p-mannopyranoside 
p-Mannose 009 Methyl «-p-xylofuranoside p-Galactose 
p-Gulose 1+] Methyl a-p-lyxopyranoside Sophorose 
p-Talose 0-7 Methyl f-p-lyxopyranoside Nigerose 
L-Rhamnose 0—> 0-6  p-Altrose Laminaribiose 
p-glycero-p-alloHeptose 0-9 p-Glucose Maltose 
D-glycero-L-glucoHeptose 0-2 3-O-Methyl-p-glucose Cellobiose 
p-glycero-L-mannoHeptose 0-8 2,3,4-Tri-O-methyl-p-glucose Lactose 
D-glycero-D-guloHeptose 1-1 2,3,6-Tri-O-methyl-p-glucose Isomaltose 
p-glycero-p-idoHeptose 1-0 2,3,4,6-Tetra-O-methyl-p-glucose Gentiobiose 
p-glycero-p-galaHeptose 0.4 2-Deoxy-p-glucose Melibiose 
p-glycero-L-galaHeptose 0-4 

Cyclitols. 
Myoinositol (III) 0-2 Mucoinositol Quebrachitol 
Alloinositol (IV) 0-4 Scylloinositol (—)-Viboquercitol 
Epi-inositol (V) 1-1 Mytilitol Scylloquercitol 

Pinitol (+)-Protoquercitol 

1,6-A nhydro-B-p-aldopyranoses. 
1,6-Anhydro-8-p-manno- 0-5 1,6-Anhydro-f-p-glucopyranose 

pyranose (VI) 1,6-Anhydro-8-p-gulopyranose 

1,6-Anhydro-8-p-galactopyranose (VII) 

Ketoses. 
p-Fructose (VIII) 0-5 Sucrose 
L-Sorbose 0-3 
p-Glucosone 0-9 
p-glucoHeptulose (IX) 1-0 
p-mannoHeptulose (X) 0-4 
Leucrose 0-4 
Turanose 0-1 


(eg, ax, ax) occurs also in 1,6-anhydro-$-p-galactopyranose (VII). However, a unique 
feature of 1,6-anhydro-8-D-mannopyranose is the ax, eq, ax relation of the 2- and 3-hydroxyl 
18 Angyal and Anderson, Adv. Carbohydrate Chem., 1959, 14, 135. 
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groups and the anhydro-ring oxygen atom. A possible explanation for complex formation 
in this compound is that a cyclic complex across the 2- and 3-hydroxyl groups is stabilised 
by hydrogen bonding between a molybdenum-hydroxyl group and the oxygen atom of the 
anhydro-ring. There was no evidence from the behaviour of other compounds to refute 
this suggestion. 

Ketoses.—The general tendency of ketoses in this section to migrate (see Table) suggests 
that an examination of the behaviour of more ketoses is warranted. Comparison with 
the aldoses shows that several ketose—aldose separations are possible. These may be of 
particular use in the oligosaccharide field. The nature of the molybdate-ketose complex 
is uncertain but three possibilities could arise: (a) complex-formation by an open-chain 
form; (6) slight enolisation of the keto-group and complex-formation by the resultant 
ene-diol with molybdate; and (c) “ tridentate ’’ complex formation with either the 
furanose or the pyranose ring form. For example, in the furanose and pyranose form of 
p-fructose (VIII) and L-sorbose, the 1-, 2-, and 3-hydroxyl groups are able to form a 
structure of the same relative spacings as those of the 1(ax),2(eq),3(ax)-triol system (I). 
It is probable, by virtue of the a—$-equilibrium and the free rotation of the 2-hydroxy- 
methyl group, that unsubstituted 1-, 2-, and equatorial 3-hydroxyl groups of the pyranose 
form of any 2-ketose can form a structure approximating to that of (I). The same applies 
for unsubstituted 1-, 2-, and 3-hydroxyl groups of the furanose form of any 2-ketose. 
The large difference in Mg values of D-glucoheptulose (IX) and D-mannoheptulose (X) 
confirms this, as the latter, when in the pyranose form, has an equatorial 3-hydroxyl group 
only in its unfavoured conformation (X). The relatively high migration rate of leucrose 
(5-O-substituted fructopyranose), the low migration rate of turanose (3-O-substituted 
fructopyranose), and the immobility of sucrose (2-O-substituted fructofuranose) support 
this. 

General Observations.—It is thus established that sugars and other six-membered 
cyclic polyhydroxy-compounds form complexes significantly with molybdate only if they 
possess a cis-cis-1,2,3-triol system, or can assume an equivalent system. It can be seen 
from the Table that several useful separations are obtained by ionophoresis in molybdate 
solution which are very difficult by chromatography or ionophoresis in borate solution. 
The rapidly migrating sorbitol, used as a standard, is very quickly separated from glucose 
and the aldose—alditol separation is fairly general. In an investigation of the action of 
Fenton’s reagent on sorbitol,!® where the main products are D-glucose, L-gulose, D-fructose, 
and L-sorbose, the technique was most useful. lIonophoresis of such a mixture in borate 
solution was virtually useless. Also molybdate forms its complexes most strongly in acid, 
whereas the borate complexes are more stable in alkali. The two methods can thus be 
regarded as complementary. 

It is generally accepted that when a borate ion reacts with a polyhydroxy-compound a 
cyclic diester is usually formed. Angyal and McHugh ™ postulated the formation of a 
“ tridentate ’”’ borate complex (II) with certain cyclitols. Molybdate, however, seems to 
form complexes with sugars and other six-membered cyclic polyhydroxy-compounds only 
when three or more hydroxyl groups are available in the correct relative positions. There 
is one exception to this rule. Compounds containing the “ ene-diol ”’ group, ¢.g., ascorbic 
acid and o-dihydroxybenzene, form stable complexes with molybdate at pH ca. 5-0, giving 
deep orange solutions. This complex has been used by Pridham ™ and by Halmekoski !” 
for the ionophoresis and chromatography of phenolic compounds. m-Dihydroxybenzene 
does not form a complex with molybdate, and an “‘ ene-diol’’ group seems to be essential. 
The participation of only two hydroxyl groups in the “ ene-diol ’’ system need not be at 
variance with our suggestion. ‘The intense colour of the complex of “ ene-diol ” compounds 


Weinland and Gaisser, 7. anorg. Chem., 1919, 108, 231. 
Bourne, Hutson, and Weigel, unpublished work. 

16 Pridham, J. Chromatography, 1959, 2, 605. 

17 Halmekoski, Suomen Kem., 1959, B, 32, 170. 
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indicates a conjugated system. Thus the diester structure could be resonance-stabilised. 
When only two suitable hydroxyl groups were involved in a sugar complex, as in 1,6- 
anhydro-8-p-mannopyranose (VI), the complex was probably stabilised by hydrogen- 
bonding. 

Ionophoresis of sugars and other six-membered cyclic polyhydroxy-compounds in 
molybdate solution is not only a tool for the separation of such compounds. Applications 
might be found in the determination of structures. Affinity for molybdate can be regarded 
as a diagnosis for the ability of a compound possessing a cis-cis-1,2,3-triol system ‘to adopt 
a conformation with a 1(ax),2(eqg),3(ax)-triol system. For example, «-D-ribopyranose 
possesses this system in the Cl and the 1C conformation. §-D-Ribopyranose has this 
spatial arrangement of three hydroxyl groups in the 1C conformation. The equilibrium 
mixture of D-ribose thus migrates during ionophoresis in molybdate solution. However, 
methyl «-p-ribopyranoside possesses the 1(ax),2(eq),3(ax)-triol system only in the 1C 
conformation and its low rate of migration suggests that it will not easily adopt this. 

In the discussion above only “ chair ’’ conformations of six-membered ring compounds 
have been considered. Reeves ® concluded that a “ chair” conformation is adopted in 
preference to any “boat”’ conformation whenever both are structurally possible. 
However, complex formation with molybdate could also easily occur with “ boat ” conform- 
ations of the compounds possessing the cis-cis-1,2,3-triol system, as at least one of their 
“boat ’’ conformations possesses a 1(bax),2(bs),3(bax)-triol system (Angyal and Mills’s 
nomenclature 18), which is spatially identical with the 1(ax),2(eq),3(ax)-triol system. 


ce 


EXPERIMENTAL 


Paper Ionophoresis.—The apparatus used was built according to a design kindly provided by 
Dr. D. Gross of Tate and Lyle, Ltd., and was capable*of delivering up to 5000 v at 100 mA. 
Ionophoresis was carried out on 10 cm. wide sheets of Whatman No. 3MM filter paper. The 
electrolyte was prepared by dissolving sodium molybdate dihydrate (25 g.) in water (1200 ml.) 
and adjusting the whole to pH 5-0 with concentrated sulphuric acid. Ionophoretograms were 
prepared by applying a voltage of 30—60 v/cm. for 1—2 hr. Compounds were detected by 
spraying with acetone-silver nitrate-ethanolic sodium hydroxide !® or p-anisidine hydro- 
chloride in butan-l-ol.2° Migration rate was expressed relative to the movement of sorbitol 
which migrated ca. 25 cm. in 2 hr. at 60 v/em. By comparison with 2,3,4,6-tetra-O-methyl-p- 
glucose, glycerol was shown not to form a complex and was used for the correction of electro- 
osmosis. 


The authors are indebted to Drs. R. W. Bailey, L. Hough, J. B. Pridham, N. K. Richtmyer, 
and W. J. Whelan for gifts of chemicals and to the Royal Society, the Central Research Funds 
Committee of the University of London, and the Ministry of Education for financial assistance. 


RoyaLt HoLLoway COLLEGE, UNIVERSITY OF LONDON, 
ENGLEFIELD GREEN, SURREY. [Received, April 1st, 1960.]} 


18 Angyal and Mills, Rev. Pure Appl. Chem. (Australia), 1952, 2, 185. 
1® Trevelyan, Procter, and Harrison, Nasure, 1950, 166, 444. 
2° Hough, Jones, and Wadman, /., 1950, 1702. 
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832. Aliphatic Acids. Part I. Some Aliphatic Ketol-acids and 
Related Compounds. 


By W. A. Cramp, F. J. Jutietti, J. F. McGuire, B. L. Rao, and W. A. Ross. 


The preparation of 6(7)-hydroxy-7(6)-oxo and of 9(10)-hydroxy-10(9)- 
oxo-octadecanoic and of 13(14)-hydroxy-14(13)-oxo-docosanoic acids by 
three routes has been studied. The oxidation and reduction of these com- 
pounds and some intermediates, and the separation of the isomeric ketol- 
acids, have also been investigated. 


THE suggestion by Ellis! that «-ketol-acids such as (I) and (II) would be found amongst the 
autoxidation products of unsaturated acids has been supported by recent studies of the 
aerial oxidation of cis-octadec-9-enoic acid and its esters.2% However, little attention 
has been paid to them. 


HoH [=o R = CHy[CH,],~ 
=o H—|—OH 
R’ R’ = —[CH,],°CO,H 

(1) (11) 

Of the two preparative routes to «-ketol acids, one, the so-called “ neutral] ’’ perman- 
ganate oxidation first reported by Holde and Marcusson,‘ and studied later by King ® and 
by Coleman ¢ al.®, has the disadvantages that high dilutions must be used to obtain even 
moderate yields (30%) and purification is difficult. Swern and his co-workers,® realising 
that oxidation according to the scheme, 3>C:Cz + 4KMnO, + H,O —» 3>C(OH)-CO — 
+ 4MnO, + 4KOH, involves progressively increasing alkalinity, showed that the optimum 
pH for yields of ketol-acids was pH 9-0—9-5 and thus obtained 65—75% conversion of 
oleic acid into crude 9(10)-hydroxy-10(9)-oxo-octadecanoic acids. However, purification 
of the product proved difficult, the final yield of 90°, pure material was 50%, and somewhat 
complicated apparatus and procedure are needed. We have obtained comparable results 
merely by using disodium hydrogen phosphate as a buffer to maintain the pH 9-0—9-5. 

In our experience the methods described * for purification of the crude 9,10(10,9)- 
ketol-acids involve considerable losses and the final product still contains up to 10% of 
9,10-dioxo-octadecanoic acid. We find that, after the easy removal of the accompanying 
dihydroxy-acids, reduction by zinc and acetic acid removes the dioxo-acids and leads to 
60—65% yields of pure 9(10)-hydroxy-10(9)-oxo-octadecanoic acids from oleic acid, 
ultraviolet and infrared measurements then indicating absence of the dioxo-acid. 

We have used this process also for preparation and purification of ketol acids from 
petroselenic and erucic acid, obtaining satisfactory yields. 

Swern e¢ al.6 found that the yield (45%) of the mixed ketol acids from trans-octadec-9- 
enoic acid is approximately the same whether the pH of the reaction mixture is controlled 
or not. This appears to be a general property of trans-alkenoic acids, since we have 
observed similar behaviour with petroselaidic and brassidic acid. 

Permanganate oxidation of olefins has long been postulated to occur via a cyclic 
intermediate formed by cis-addition,*? particularly since Criegee ® isolated a number of 
intermediates in the hydroxylation of olefins employing osmium tetroxide. As a result 


' Ellis, J. Soc. Chem. Ind., 1926, 45, 198r. 

® Skellon, J., 1948, 343; 1954, 3414; King, J., 1956, 587. 

®* King, J., 1954, 2114. 

* Holde and Marcusson, Ber., 4903, 36, 2657. 

5 King, J., 1936, 1788. 

® Coleman, Ricciuti, and Swern, J. Amer. Chem. Soc., 1956, 78, 5342. 

7 Boéseken, Rec. Trav. chim., 1922, 41, 199; Drummond and Waters, J., 1953, 435; Levesley 
and Waters, J., 1955, 217. 

8 Criegee, Annalen, 1936, 522,75; Angew. Chem., 1938, 51, 519; Criegee, Marchand, and Wannowius, 
Annalen, 1942, 550, 99, 
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of experiments with 'O-labelled permanganate Wiberg and Saegebarth® evolved a 
detailed scheme for formation of fission of a cyclic manganese ester, but that scheme does 
not account for the differing behaviour of cis- and trans-alkenoic acids. This difference 
may be explained on the basis of conformation. 

The most stable conformationa] isomers of the intermediate derived from cis- and 
trans-olefins are respectively (I) and (II). In the latter, hydrogen bonding should be 
possible between both hydrogen atoms and the oxygen atoms attached to manganese, 
whereas in (I) only one such hydrogen—oxygen interaction is possible. Thus, com- 
pound (I) is more prone to attack at the hydrogen marked*, yielding the ketol; 
such a favourable arrangement is not possible in conformation (II) owing to hydrogen 


bonding. 
OH OH 
2" a 
* ‘ ‘ 
H R H 

° fe) P 

O-Mn O-Mn. 
“? . “oO 


Ka 
> 


(1) 6 OH (II) 

The second of the routes to «-ketol-acids involves reduction of an «-dioxo-acid by 
zinc and acetic acid. Two routes are available to the dioxo-acids: (a) >C=C<(+Br,) 
—»> >CBr-CBrc (+NaNH,-NH,) —» —C=C- (+ KMnO,) —» -CO-CO-; and = (0) 
>C=Ca(+KMn0,; OH~-) —» >C(OH)-C(OH)< —» -CO-CO. Route (d) is the more 
attractive as it involves one stage fewer, and the purity of the olefinic acid is not critical, 
as it is in (a) and in the controlled oxidation experiments of Coleman et al.,® since dihydroxy- 
acids are readily purified. 

Oxidation of erythro-9,10-dihydroxy-octadecanoic. acid with chromic acid has already 
been reported," and one of us has shown that improved results are obtained by using 
Kiliani’s chromic acid mixture, although even here the yields (25—30%) are far from 
satisfactory. We have now found that vicinal dihydroxy-acids are smoothly converted 
by N-bromosuccinimide into «-dioxo-acids in 80—90% yields. Although this reagent 
has been employed for oxidation of vicinal secondary-tertiary steroidal alcohols !* and of 
a-hydroxy-acids,!* this appears to be its first use for the oxidation of disecondary glycols, 
and it appears to be a general reagent for such oxidations. By this method 80—90% 
yields of 9,10- and 6,7-dioxo-octadecanoic and of 10,11- and 13,14-dioxodocosanoic acid 
have been obtained. 

The quantitative reduction of such compounds ™ makes the desired «-ketol-acids easily 
accessible in excellent yields (based on the dihydroxy-acid as starting material) and high 
purity. In any pair of erythro-threo-dihydroxy acids, the threo-isomer is always the more 
readily oxidised, as is to be expected on conformational grounds, and from a preparative 
standpoint we prefer to use the erythro-isomer wherever possible. 

Now bromine is rapidly liberated under the conditions we employed for the N-bromo- 
succinimide oxidations. Accordingly, we found that bromine might replace this reagent. 
However, yields of «-dioxo-acids prepared in this manner, though 80% under the most 
favourable conditions, were often not reproducible. This was traced as due in some 
measure to the influence of light, and if the reaction was catalysed by irradiation less 
erratic results were obtained. Nevertheless the N-bromosuccinimide method is to be 
preferred because of its reproducibility. 

We also investigated the direct oxidation of vicinal dihydroxy-acids, by N-bromo- 
succinimide, to «-ketol-acids. Employing slightly less than the theoretical amount of 


* Wiberg and Saegebarth, J. Amer. Chem. Soc., 1957, 79, 2822. 

1° Cf. McGhie, Chem. and Ind., 1954, 131. 

" Nicolet and Jurist, ]. Amer. Chem. Soc., 1922, 44, 1139. 

'? Fieser and Rajagopalan, J. Amer. Chem. Soc., 1949, 71, 3935, 3938. 
'* Barakat and E]-Wahab, /. Amer, Chem, Soc., 1953, 75, 5731. 
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the reagent for the oxidation of one hydroxyl group, we obtained 50—60% yields of 
a-ketol-acids, based on recovered starting material from the erythro-acids (not from threo- 
acids). Here, as in the case of the “ neutral ’’ permanganate oxidation, it was better to 
purify the crude product by reduction followed by crystallisation. 

The Table summarises results obtained by the different methods. The second 
procedure is of general applicability, giving excellent yields of pure product. The other 
two routes both give a product difficult to separate from the accompanying dioxo-acid, 
though this may be overcome by our modified procedure. The pH-controlled oxidation, 
although rapid, requires the olefinic acid to be available in a high state of purity, and since, 
particularly in the case of oleic acid, this is rarely possible, routes B and C are to be 
preferred. 


(A) Oxidation by neutral permanganate at controlled pH, (B) reduction of the dioxo-acid, 
and (C) partial oxidation of the dihydroxy-acid. 


Yield (%) M. p. of 
Acid B c* ketol-acid 
6(7)-Hydroxy-7(6)oxo-octadecanoic ...... 38 85 64 67—69° 
9(10)-Hydroxy-10(9)oxo-octadecanoic ... 61 88 63 65—66 
13(14)-Hydroxy-14(13)-oxodocosanoic ... 59 90 63 77 


* Based on recovered dihydroxy-acid. 


King > separated the two 9(10)-hydroxy-10(9)-oxo-octadecanoic acids as their semi- 
carbazones by means of ethylene dichloride. We have repeated and confirmed these 
results: we draw attention to the need to use pure ethylene dichloride to avoid hydrolysis 
of the semicarbazones during their processing. We have also separated the isomeric 
6-hydroxy-7- and 7-hydroxy-6-oxo-octadecanoic acids through their semicarbazones by 
a modification of this method. The semicarbazones, m. p. 109—125°, of the mixed 6(7)- 
hydroxy-7(6)-oxo-octadecanoic acids, on treatment with hot ethylene dichloride, was 
separated into less soluble and more soluble fractions, whence crystallisation afforded 
semicarbazones of m. p. 141—142° and 116—117° respectively. These on hydrolysis gave 
isomeric ketol-acids, m. p. 75—76° and 78—79°. The former acid was cleaved by periodic 
acid to dodecanal and adipic acid; under similar conditions the other isomer afforded 
dodecanoic acid and adipic semialdehyde. On this evidence, the former must be 
7-hydroxy-6- and the latter 6-hydroxy-7-oxo-octadecanoic acid. 

Since this work was completed ™ Gold and Skellon reported briefly that, following 
King’s procedure, they had isolated 6(7)-hydroxy-7(6)-oxo-octadecanoic acids of m. p. 
74° and 75° through semicarbazones of m. p. 153° and 138°. Without other evidence, by 
analogy with the 9(10)-hydroxy-10(9)-oxo-octadecanoic acids they inferred that their 
acids were 6-hydroxy-7- and 7-hydroxy-6-oxo-octadecanoic acid respectively. In view 
of these discrepancies between their and our findings, we repeated our work, confirming 
our results. 

In spite of numerous attempts we failed to separate the two isomeric 13(14)-hydroxy- 
14(13)-oxodocosanoic acids via their semicarbazones, although this has been reported in 
the literature. 


OH ’ OH 


OH 


One of us has briefly reported ! the reduction of dioxo- and ketol-acids with sodium 
borohydride to mixtures of erythro- and threo-dihydroxy-acids. We now find that the 
4 Cramp, Thesis, London, 1958. 


1 Gold and Skellon, J. Appl. Chem., 1959, 9, 393. 
18 Dorée and Pepper, J., 1942, 477. 
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threo-acid is in slight excess. On the basis of Cram’s rule '? it would be predicted that 
ketol-acids (also formed as intermediates in the reduction of dioxo-acids) would give 
predominantly the threo-acid, and we have shown that this is the case in the reduction of 
halogeno-oxo-acids where the threo-isomer is formed almost exclusively (ca. 80%). The 
simultaneous formation of the erythro-acid, in almost equal amounts, may be explained if 
hydrogen-bonding stabilises the ketol acids in the conformation (III). 





=O OH OH 
iR 
<— BH, HO H - H R’ 
‘ ‘ 
(III) n OH 


Further oxidation of the ketol-acids with N-bromosuccinimide gave the expected 
dioxo-acids and these were cleaved by periodate or alkaline hydrogen peroxide to the 
expected products. For example, 9,10-dioxo-octadecanoic acid gave nonoic and azelaic 
acid. 

Few examples of the benzilic acid rearrangement of «-diketones have been reported 
in the aliphatic series, owing to aldol-type condensations. Nicolet and Jurist,” however, 
reported that 9,10-dioxo-octadecanoic acid is converted in 12% yield, by potassium 
hydroxide at 160°, into «-hydroxy-«-octylsebacic acid. If the reaction is carried out in 
an atmosphere of hydrogen yields up to 70% can be obtained.* Futher, the transformation 
also takes place under the described conditions | for the benzilic acid rearrangement, and 
it appears to be general for those aliphatic «-diketones that do not readily enolise. 


EXPERIMENTAL 


Ketol-acids.—(a) cis-Octadec-9-enoic acid (10 g.) was heated with water (100 ml.) on a 
steam-bath, and to the hot mixture 4% potassium hydroxide solution (50 ml.) was added, then 
ice water (1500 ml.) and 22% sodium dihydrogen phosphate solution (250 ml.) (giving pH 9-3). 
8% Potassium permanganate solution (500 ml.) was then added during 10 min., the temperature 
being kept below 5°. Treatment with sodium hydrogen sulphite (15 g.) and 50% hydrochloric 
acid (100 ml.) gave a solid which was melted on the water-bath and, after cooling, filtered off, 
washed with water, dried azeotropically with benzene, and purified by one of three methods: 
(i) Extraction in a Soxhlet apparatus with light petroleum (b. p. 40—60°) for 9 hr. gave 5-2 g. 
of acid. The residue was erythro-9,10-dihydroxyoctadecanoic acid, (1-8 g.), m. p. 126—128°. 
Recrystallisation of the soluble material from light petroleum (b. p. 40—60°) gave 9(10)- 
hydroxy-10(9)oxo-octadecanoic acids (4-6 g.), m. p. 62—64°. 

(ii) The product was extracted from dihydroxy-acids in a large volume of hot light petroleum 
(b. p. 40—60°), recovered, dissolved in hot acetic acid, and treated with an excess of zinc dust. 
The resulting solution was filtered and diluted with water, and the precipitate was filtered off 
and crystallised from aqueous ethanol, to yield ketol-acids (4-8 g.), m. p. 64—65°.  cis- 
Octadec-6-enoic acid (10 g.) under similar conditions gave 6(7)-hydroxy-7(6)-oxo-octadecanoic 
acids (4-2 g.), m. p. 67—69°. 

(iii) To the product (9-5 g.) in boiling acetic acid (200 ml.) zinc dust (20 g.) was added during 
10 min. The zinc was filtered off and washed with boiling acetic acid (2 x 50 ml.). The 
combined filtrate and washings were diluted with water to crystallisation, then cooled to 0°. 
The crystals (9-0 g.) were digested with chloroform (50 ml.) and collected. The filtrate, after 
30 min. at 0°, deposited a small amount of solid which was filtered off and combined with the 
main chloroform-insoluble residue. This on crystallisation gave ervythro-9,10-dihydroxyocta- 
decanoic acid (1-4 g.), m. p. 131—132°. The oil remaining after evaporation of the chloroform 
crystallised from light petroleum (b. p. 40—60°), giving the ketol-acids (6-8 g.), m. p. 65—66°. 
Erucic acid (10 g.) under similar conditions gave 13(14)-hydroxy-14(13)-oxodocosanoic acids 
(6-5 g.), m. p. 77°, and erythro-13,14-dihydroxydocosanoic acid (1-6 g.), m. p. 131—132°. 

* We thank Dr. B. C. L. Weedon for informing us before publication of similar results. 


N 


17 Cram and Elhafez, ]. Amer. Chem. Soc., 1952, 74, 5828. 
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(b) 9,10-Dioxo-octadecanoic acid (10 g.) in acetic acid (200 ml.) was treated with.zinc dust 
as described above. The solid (10 g.) obtained on dilution with water was filtered off, washed 
with water, dried azeotropically with benzene, and crystallised from light petroleum (b. p. 
60—80°), giving the ketol-acids (8-9 g.), m. p. 65—66°. Under similar conditions, 13,14-dioxo- 
docosanoic acid (10 g.) gave ketol-acids (9-0 g.), m. p. 77°, and 6,7-dioxo-octadecanoic acid 
(10 g.) yielded 6(7)-hydroxy-7(6)-oxo-octadecanoic acids (8-5 g.), m. p. 67—69°. 

(c) erythro-9,10-Dihydroxyoctadecanoic acid (6-4 g.), ethyl acetate (200 ml.), water (150 ml.), 
and N-bromosuccinimide (6-0 g.) were heated under reflux for 10 min. The bromine was then 
removed by distillation of ethyl acetate, the volume of the solution being kept constant by 
addition of solvent. The ethyl acetate layer was separated, washed, and evaporated. The 
residue (6-1 g.), which contained dihydroxy-, ketol-, and dioxo-acids was separated and purified 
as described above. The ketol-acids were obtained in varying yields (1-3—4-0 g.) together with 
varying amounts of starting material, typical figures being ketol-acids (3-5 g.), m. p. 64—65°, 
and dihydroxy-acid (2-6 g.). erythro-13,14-Dihydroxydocosanoic acid (6-4 g.) under the same 
conditions gave ketol-acids (2-6 g.), m. p. 77°, and unchanged starting material (2-3 g.). 
erythro-6,7-Dihydroxyoctadecanoic acid (6-4 g.) similarly yielded ketol-acids (2-5 g.), m. p. 
64—67°, and unchanged starting material (2-5 g.). Under similar conditions threo-6,7- and 
9,10-dihydroxyoctadecanoic acids gave no evidence of ketol-acid formation. 

threo-9,10-Dihydroxyoctadecanoic acid (10 g.) in ethyl acetate (500 ml.) was treated with 
N-bromosuccinimide (5 g.) in water (200 ml.) at room temperature. The suspension was 
stirred overnight, being shielded from light, then sodium hydrogen sulphite solution was 
added and the ethyl acetate layer separated. Purification in the usual way yielded 9(10)- 
hydroxy-10(9)-oxo-octadecanoic acids (2-4 g.), m. p. 65—67°. threo-6,7-Dihydroxyocta- 
decanoic acid under the same conditions gave the same yield of ketol-acids. 

Dioxo-acids.—(a) erythro-9,10-Dihydroxyoctadecanoic acid (6-4 g.), ethyl acetate (250 ml.), 
water (200 ml.), and N-bromosuccinimide (14-4 g.) were heated under carbon dioxide. After 
15 min., the bromine was distilled out with ethyl acetate, the volume being maintained by 
addition of fresh solvent. The ethyl acetate layer was separated, washed repeatedly with 
water, concentrated to small bulk (not to dryness), and diluted with hot methanol (100 ml.). 
The solid which separated at 0° was filtered off and recrystallised from methanol (at 0°), to give 
9,10-dioxo-octadecanoic acid (5-7 g.), lemon-yellow plates, m. p. 84—85°. Other experiments, 
in which the mixture was irradiated with light from a 200 w bulb, gave similar yields. 

The threo-isomer (10 g.) gave the same dioxo-acid (7:4 g.). erythro-13,14-Dihydroxy- 
docosanoic acid (10 g.) and the ¢hreo-isomer (10 g.) under the same conditions yielded 13,14-di- 
oxodocosanoic acid (8-5 and 6-8 g.), m. p. 94°. erythro-6,7-Dihydroxyoctadecanoic acid (10 g.) 
and the threo-isomer (10 g.) likewise gave 6,7-dioxo-octadecanoic acid (7:3 g. and 7:0 g.), 
m. p. 98—100°. 

(b) erythro-9,10-Dihydroxyoctadecanoic acid (5 g.), ethyl acetate (150 ml.), and water 
(100 ml.) were heated under reflux on a steam-bath, and bromine (1-9 ml.) was added. After 
30 min. the remaining bromine was distilled off with ethyl acetate. Working up as above 
yielded the dioxo-acid (3-9 g.), m. p. 81—83°. The threo-isomer (5 g.) under similar conditions 
yielded the dioxo-acid (2-1 g.), m. p. 82°. Under the same conditions erythro- and threo-13,14- 
dihydroxydocosanoic acids (5 g.) yielded 13,14-dioxodocosanoic acid (2-8 g. and 1-9 g.), m. p. 91°. 

Separation of Ketol-acids.—A solution of semicarbazide hydrochloride (16-6 g.), sodium 
acetate trihydrate (25 g.), and absolute ethanol (200 ml.) was heated under reflux for 10 
min. and filtered. 9(10)-Hydroxy-10(9)-oxo-octadecanoic acids (20 g.), m. p. 64—67°, were 
added to the filtrate, and the solution was heated to the b. p., cooled to room temperature, 
and diluted to turbidity with water. After 2 days, filtration gave the mixed semicarbazones 
(16 g.), m. p. 132—144°. The mixture of semicarbazones (15-8 g.) was treated with purified 
ethylene dichloride (500 ml.), 100 ml. of solvent were distilled off, and the suspension was 
filtered hot, leaving an insoluble residue (6-05 g.), m. p. 150—152°. The bulked residues 
after recrystallisation from aqueous ethanol gave the semicarbazone (4-6 g.), m. p. 152-5°, 
as flat prisms. Evaporation of the ethylene dichloride filtrates afforded products (5-75 g.), 
m. p. ~132—136°, recrystallisation of which yielded the isomeric semicarbazone (4-9 g.), m. p. 
138—138-5°. Hydrolysis of the “soluble ’’ and “‘insoluble’’ semicarbazones gave 10-hydroxy- 
9-oxo- (m. p. 75-5°) and 9-hydroxy-10-oxo-octadecanoic acid (m. p. 74°) respectively. 

A mixture of semicarbazide hydrochloride (25 g.), sodium acetate trihydrate (34 g.), and 
ethanol (250 ml.) was heated under reflux for 5 min., then filtered, and the solid was washed 
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with hot ethanol (2 x 25 ml.). 6(7)-Hydroxy-7(6)-oxo-octadecanoic acids (30 g.) in hot 
ethanol (100 ml.) were added to the filtrate and washings, the volume was reduced to 200 ml., 
and water added to turbidity. The solid which had separated after 40 hr. was filtered off and 
dissolved in hot benzene-ethanol, the water layer was removed, the solution concentrated, and 
light petroleum (b. p. 40—60°; 500 ml.) added. After cooling in ice, the separated solid 
(32 g.), m. p. 106—115°, was filtered off. Reprecipitation with light petroleum (b. p. 40—60°) 
from ethanol raised m. p. to 109—125°. The dried product (25 g.) was heated to the b. p. with 
ethylene dichloride (150 ml.), filtered hot, and washed with ethylene dichloride (20 ml.). The 
insoluble residue, m. p. 138—140°, crystallised from ethanol-light petroleum (b. p. 40—60°) 
and then from ethanol as needles (8-1 g.), m. p. 141—142°. The ethylene dichloride filtrate 
was concentrated to ca. 10 ml., ethanol was added and then light petroleum (b. p. 40—60°; 200 
ml.). The resulting suspension was heated under reflux for 15 min. and then cooled in ice. 
The sticky solid obtained on filtration was heated under reflux with light petroleum, b. p. 
40—60° (500 ml.), for 1 hr., cooled, and filtered. Repeated crystallisation from ethanol-—light 
petroleum (b. p. 40—60°) gave needles (7-4 g.), m. p. 116—117°. 

The higher-melting semicarbazone (8 g.) was heated under reflux with 2n-hydrochloric acid 
(400 ml.) and 40% aqueous formaldehyde (8 ml.) for 15 min. On cooling, a pale yellow oil 
separated (6-5 g.) which solidified at 0°. Crystallisation from methanol-light petroleum (b. p. 
40—60°) gave 7-hydroxy-6-ox0-octadecanoic acid (5-6 g.), plates, m. p. 75—76° (Found: C, 68-8; 
H, 10-7. C,,H,,O, requires C, 68-8; H, 10-9%). Similar decomposition of the lower-melting 
semicarbazone and crystallisation from methanol-light petroleum (b. p. 40—60°) gave 
6-hydroxy-1-ox0-octadecanoic acid (3-8 g.), prisms, m. p. 78—79° (Found: C, 69-0; H, 10-9%). 

The lower-melting acid (2 g.) in ethanol (175 ml.) was added to periodic acid (2 g.) in water 
(200 ml.). After 3 hr., the product was poured into water (500 ml.) and extracted with ether 
(10 x 30 ml.). The product obtained on evaporation of the ether was distilled in steam. The 
distillate gave dodecanal 2,4-dinitrophenylhydrazone (650 mg.), orange needles (from methanol), 
m. p. 106°. The aqueous residue from the steam-distillation was concentrated, and on repeated 
extraction with ether gave adipic acid (850 mg.). 

Periodic acid oxidation of the higher-melting acid (2 g.) gave a steam-volatile product, which 
with zinc sulphate solution gave zinc dodecanoate, m. p. 129°. The residue from the steam- 
distillation gave the 2,4-dinitrophenylhydrazone, m. p. 134°, of adipic semialdehyde. 

Reductions with Sodium Borohydride.—Mixed methy] 13(14)-hydroxy-14(13)-oxodocosanoates, 
m. p. 50—51° (Found: C, 72-1; H, 11-6. Calc. for C,,H,,0,: C, 71-8; H, 11-5%) were prepared 
by reduction of the diketo-ester with zinc and acetic acid. These esters (0-8 g.) in methanol 
(25 ml.) were treated with sodium borohydride (0-7 g.). After 10 hr. the solution was neutralised 
with acetic acid and diluted with water. The precipitated solid was filtered off; recrystallisation 
from methy] acetate (50 ml.) gave methyl erythro-13,14-dihydvoxydocosanoate (0-2 g.), m. p. 108° 
(Found: C, 71-5; H, 11:8. C,3;H,,O, requires C, 71-4; H, 12:0%). The filtrate yielded the 
threo-ester (0-37 g.), m. p. 78° (Found: C, 71-1; H, 11-7%). The methyl esters were saponified 
with alcoholic potassium hydroxide to the respective acids. 

Methyl 9(10)-hydroxy-10(9)-oxo-octadecanoates, m. p. 35—36° (Found: C, 69-4; H, 10-9. 
Calc. for C,gH,,0,: C, 69-4; H, 11-0%), were prepared by similar reduction of the diketo-ester. 
These esters (0-8 g.) were reduced with sodium borohydride (0-7 g.) as above. Fractional 
crystallisation of the product from methyl acetate afforded methyl erythro-9,10-dihydroxy- 
octadecanoate (0-15 g.), m. p. 105°, and the threo-ester (0-3 g.), m. p. 71°. 

9,10-Dioxo-octadecanoic acid (5 g.) in methanol (300 ml.) was treated with sodium boro- 
hydride (5 g.) added during 10 min. After 3 hr., the solid (5-1 g.), m. p. 103—109°, which was 
precipitated when the solution was diluted with water and acidified with acetic acid, was filtered 
off. The dried product (5-0 g.) was repeatedly extracted with boiling ether; the insoluble 
residue, on crystallisation from ethyl acetate, gave erythro-9,10-dihydroxyoctadecanoic acid 
(1-5 g.), m. p. 130—131°. Concentration of the ether extracts gave a solid (2-0 g.), which after 
several crystallisations from ethyl acetate gave threo-9,10-dihydroxyoctadecanoic acid (0-9 g.), 
m. p. 93—94°. The same products resulted on reduction of 9(10)-hydroxy-10(9)-oxo-octa- 
decanoic acids. 

Reduction of either 13,14-dioxodocosanoic acid (5 g.) or 13(14)-hydroxy-14(13)-oxodocosan- 
oic acids (5 g.) by the same procedure gave erythro-13,14-dihydroxydocosanoic acid (2-0 g.), 
m. p. 131°, and the ¢hreo-acid (1-0 g.), m. p. 99—100°. 

Benzilic Acid Rearrangements.—13,14-Dioxobehenic acid (2-5 g.), ethanol (25 ml.), and 
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potassium hydroxide (10 g.) were heated for 30 min. The solution was cooled, acidified with 
50% hydrochloric acid, and extracted with ether. Washing of the extract with water, drying 
(Na,SO,), evaporation, and crystallisation from acetone gave 2-hydroxy-2-octyltetradecanedioic 
acid (1-6 g.), m. p. 115—116° (lit.,18 115—116°). 

9,10-Dioxo-octadecanoic acid (13 g.) and potassium hydroxide (65 g.), moistened with water, 
were heated at 160° for 5 min., then poured into water and acidified with dilute sulphuric acid. 
Next day, the product was extracted with ether [to remove azelaic acid (0-4 g.)] and then with 
chloroform. The chloroform extract was distilled in steam, and the residue was basified, 
concentrated, and re-acidified. After crystallisation from chloroform—benzene the 2-hydroxy- 
2-octylsebacic acid (1-6 g.) had m. p. 110°. In a second experiment with an atmosphere of 
hydrogen, the temperature was raised to 210-—220°, and the product (3-6 g. from 5-0 g. of 
starting material) had m. p. 111—112°. 





We thank the Governors of Chelsea College of Science and Technology for the award of a 
Research Assistantship (to B. L. R.) and the D.S.I.R. for a maintenance award (to W. A. C.). 
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833. The Nitrous Acid—Dinitrogen Trioxide Equilibrium in 
Aqueous Perchloric Acid. 


By T. A. TuRNEY. 


The equilibrium constant for the reaction 2HO-NO [> N,O, + H,O 
has been redetermined by spectroscopic and distribution methods. The 
combined methods establish K, as 0-20 + 0-05 at 20°. 


APART from an estimate of the equilibrium constant by a thermodynamic cycle! and a 
spectrophotometric study by Bunton and Stedman,? no quantitative work has been done 
on the equilibrium 2HO:NO => N,O, + H,O. In the latter estimation it was necessary 
to take an approximate value for the extinction coefficient of dinitrogen trioxide. There 
is also a trend in the K, values which is probably associated with a change in the water 
activity of the solutions. If the K, values are each multiplied by the appropriate water 
activity then the mean value of K, is 0-19 + 0-08. 

In the present work the equilibrium constant has been redetermined spectrophoto- 
metrically, a graphical method being used to obtain exy,o,. An independent estimate of 
K has been made by distributing dinitrogen trioxide between toluene and aqueous per- 
chloric acid. 

A preliminary examination of the spectrum of “ blue” nitrous acid in 46% (w/w) 
perchloric acid showed almost no trace of the nitrosyl ion, and a calculation of the pro- 
portion from the equilibrium HO-NO + H* = NO* + H,O using the mean value of 
pK (8-3) found from Turney and Wright’s } and Singer and Vamplew’s ® values, combined 
with J, values found by Deno e¢ al.,* showed that the proportion of nitrosyl ion should be 
less than about 3%. Since all measurements were made in perchloric acid more dilute 
than 46°, (w/w) no further account was taken of this equilibrium. 

For the equilibrium 


2HO-NO = N,O, + H,O 
K, = ¢aw/c., whence cy = awtc,t/K,+ (where c, and cy are in molar concentration 
Turney and Wright, J., 1958, 2415. 
Bunton and Stedman, ]., 1958, 2440, 


1 

2 

* Singer and Vamplew, /., 1956, 3971. 

* Deno, Berkheimer, Evans, and Peterson, J. Amer. Chem. Soc., 1959, 81, 2344. 
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units and the water activity a, is the relative vapour pressure of the solutions, given by 
P/P4); also cyo,- = Cy + 2c, = awtc,t/K,+ + 2c,, but for the blue solution D = ec, for a 
l-cm. cell, where ¢ is the extinction coefficient of the blue solution. Whence ¢yo,-/D = 
(1/K,tet)(aw/D)* +- 2/e, and a plot of the left-hand side against (aw/D)* should be a straight 
line of slope 1/K,*e# and intercept 2/e. 

All experiments were carried out by measuring D at 6563 A. From the value of K so 
found, and by measuring c/D at different wavelengths, it is possible to evaluate e and hence 
the spectrum of dinitrogen trioxide. 

Since Mason’s experiments ° indicate that the spectrum of dinitrogen trioxide in toluene 
shows no nitrous acid structure, the next set of experiments were carried out by distributing 
dinitrogen trioxide between toluene and water. Under these conditions, we have the 
equilibria (where subscripts w and T refer, respectively, to water and toluene) 


(N,03)w —2 (N205)r 
H,O ot (N,05) w = 2(HO-NO) W 
for which we have 
Ky = ¢x,ocwy/¢n,oyr) and Ky = CFo-nocw)/Cn,0,cw)4 Ww 
Again, in the aqueous layer 
Cyo,- = CHonworwy + 2¢y,0\w) 


whence, ¢yo,-\w)/¢x,o,cr) = (Ky Keaw)#/Ven,oyery + 2Ky. 


EXPERIMENTAL 


(a) Spectrophotometric measurements. In expts. 1—1i4 the total nitrous acid in all forms 
was determined by adding the solution to sodium hydroxide and measuring the optical density 
of the nitrite. In expts. 15—21 the total nitrite was determined by addition to acidified potass- 
ium permanganate; after } hr. the excess of permanganate was determined, through potassium 
iodide, with thiosulphate. The table gives the molar concentration of nitrite ion, the optical 
density, D (1 cm.), and ay. 


Expt. ¢yo,- D aw Expt. ¢yo,- D aw Expt. ¢yo,- D aw 
15 0-191 0-157 0-469 17 0-:0720 0-0468 0-469 2 0-0368 0-0073 0-596 
18 0-175 0-155 0-469 9 0-0625 0-0186 0-575 7 0-0361 0-0109 0-575 
19 0-134 0-0759 0-469 12 0-0572 0-0264 0-512 3 0-0348 0-0067 0-575 
16 0-119 0-0820 0-469 21 0-0450 0-0194 0-469 4 0-0291 0-0042 0-670 
20 0-0930 0-0325 0-469 10 0-0450 0-0095 0-575 8 0-0271 0-0054 0-575 

6 0-0865 0-0318 0-575 13 0-0435 0-0165 0-512 14 0-0264 0-0078 0-512 
11 0-0745 .0-:0365 0-512 1 0:0425 0-0085 0-635 5 0-0262 0-0031 0-630 


In each case nitrite was added to make the perchloric acid solution of the desired strength; 
this was then shaken until a reasonably stable blue solution was obtained. There was much 
effervescence with evolution of nitrous fumes and the solutions were never entirely stable. 

(b) Distribution measurements. Reagent-grade toluene (25 ml.) was shaken with aqueous 
perchloric acid (25 ml.) (aw 0-571) in each of four funnels. Successive increasing amounts of 
solid sodium nitrite were added. Again there was much effervescence and evolution of nitrous 
fumes. The mixtures were shaken and set aside for about $ hr. to reach equilibrium. Duplicate 
samples were drawn from the upper and lower layers and analysed by addition to excess of 
acidified standard permanganate as before. A typical result was 


cw (g. of nitrite per 25 ml.) 0-300 0-398 0-469 0-516 

cy (g. of nitrite per 25 ml.) 0-0469 0-0743 0-0891 0-1042 

GUE Savacsdhinsesascnidexeinnds 6-40 5-36 5-26 4:95 

the collected results being 

SE | cereale cd tet taceoein 7-80 676 654 640 620 580 576 536 526 495 4-50 
EPAFM nbivssbineccdienttentete 348 3-01 249 327 256 2-33 2-24 2-53 2-37 2-19 2-24 





5 Mason, /J., 1959, 1288. 
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These results are in terms of g. of nitrite per 25 ml.; to convert the slope and intercept 
found on this basis to quantities in the formula, multiply cw/cy by 2 and 1/4/2cy by 2-17. 


RESULTS AND DISCUSSION 
The spectrophotometric results can be expressed by 
c/D = 0-536(awy/D)* + 0-1033 


for which tgsg5 is 19-4 and K is 0-18 + 0-04. From measurements of the absorption of a 
solution of total nitrite concentration 0-175m in perchloric acid (aw 0-469) and by use of 
the above value of K, we obtain the absorption spectrum: 


ge 5000 5500 6000 6500 7000 7500 8000 
D (1 cm.)  .....000- 0-0518 0-0960 0-142 0-151 0-122 0-0880 0-0615 
©. qunaphinansionetnnere 5-8 10-2 15-2 17-1 12-9 9-4 6-6 


The value of ¢ at 6563 A given by this spectrum is less than that found by interpolation 
and is a measure of the extent to which these data deviate from the best straight line found 
above. 

The results from distribution experiments can be expressed by 


Cxo,-(w)/ex,o,cry = 1-896) [ex,0,er)]# + 2°756 


from which we calculate a value of K = 0-22 + 0-04. If we accept all results as equally 
admissible, viz., Bunton and’ Stedman’s, the present spectrophotometric and the present 
distribution results, we then estimate a final value of K = 0-20 + 0-05. 


The author thanks Dr. Swedlund for suggesting the distribution method, and also the 
New Zealand University Research Grants Committee for a grant. 
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834. Dipole Moments of a Series of Substituted Phenols in 
Benzene. 


By E. V. GoopeE and D. A. IssBitson. 


Apparent dipole moments of a series of substituted phenols have been 
determined from measurements on dilute solutions in benzene. Interaction 
moments (4) along the O-C bond necessary to correlate the observed and 
calculated moments of the para-substituted compounds have been evaluated, 
and show a trend parallel with acid dissociation constants, OH bond stretch- 
ing frequencies, and Hammett o values of the aromatic substituents. 
Moments of mesitol, durenol, and 2,4,6-tri-t-butylphenol are explained by 
inhibition of mesomerism, hyperconjugation of the ortho-methyl groups with 
the aromatic nucleus occurring in mesitol, and steric inhibition in 2,4,6-tri-t- 
butylphenol. In durenol, owing to the close approach of the o-methyl 
groups to the hydroxyl group, both effects are important. Moments of 2,4,6- 
trihalogenophenols are explained by intramolecular hydrogen bonding. A 
comparison of dipole moments in cyclohexane and in benzene indicates 
some solute—solvent interaction in the latter solvent. 


WHEN two different ortho : para-directing groups other than methyl are substituted para 
to each other in benzene, the observed dipole moment of the compound is generally found 
to be greater than that calculated vectorially. This difference is explained by a moment 
arising from interaction between the mesomeric effects of the two groups, being positive 
relative to the group having the greater ortho : para-directing power. The negative values 
in p-halogenophenols '! appear anomalous therefore. 

? Smith, ‘‘ Electric Dipole Moments,” Butterworths Scientific Publications, London, 1955, p. 209. 
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Also, the moment of mesitol ? (1-39 Dp) is reported to be lower, and that of durenol? 
(1-68 D) to be much higher, than that of phenol # (1-45 p). The value for durenol, approxim- 
ating to that of an aliphatic alcohol, was interpreted as indicating steric inhibition of 
mesomerism, but such does not appear to be the case in mesitol. 

In an attempt to resolve these anomalies, the dipole moments in benzene of a series 
of para-substituted and 2,4,6-trisubstituted phenols have been determined. The results, 
calculated as described previously,5 are summarised in Table 1, where « and v are the 


TABLE 1. Polarisation data for solutions in benzene at 25°. 


Previous. values * 


Compound 103« 10% = =6 Pag (€.c.) pp (D) Heo (D) p (D) 
ES 2904 15 48-7 1-54 1-43 1-53(4),* 1-45 
EER kevdueupanaysecvacceunes 2630 16 50-1 1-57 1-44 1-64,> 1-57 ° 
p-t-Butylphenol ............... 1950 6 53-4 1-62 1-48 
p-Fluorophenol ............... 4614 4 96-5 2-17 — 2-08 ¢ 
p-Chlorophenol ............... 4524 15 105-7 2-27 2-25 2-68,> 2-22 
p-Bromophenol ............... 3411 17 105-4 2-27 2-15 2-25," 2-12 ® 
p-lodophenol ...............++- 2633 23 99-5 2-21 
p-Nitrophenol ................0. 20,430 28 526-4 5-07 5-05," 5-01 ® 
p-Cyanophenol _............... 22,600 21 501-4 4-95 - 
rere 1690 6 41-7 1-43 1-30 1-36,° 1-39 © 
2,4,6-Trichlorophenol ......... 1275 15 41-7 1-43 1-38 1-62 ° 
2,4,6-Tribromophenol ......... 973 18 49-2 1-55 1-44 1-56 
2,4,6-Tri-t-butylphenol ...... 1095 —1 54-4 1-63 1-55 


* Values in benzene. 
* Hulett, Pegg, and Sutton, J., 1955, 3901. ° Various measurements from Wesson, “‘ Tables of 
Electric Dipole Moments,” Technology Press, Cambridge, Mass., 1948. ° Ref.1. ¢ Ref.4. °¢ Ref. 2. 


limiting values of de/dw and dn?/dw, respectively, and the other symbols have their usual 
significance. Dipole moments determined in benzene (ug) are all greater than corre- 
sponding values determined previously in cyclohexane ® (ug) indicating some solute- 
solvent interaction in benzene. 

Moments of the para-substituted phenols have been calculated from equation (1), the 
angle which the C-OH group moment in phenol makes with the C—O bond (87° 47’) being 
determined vectorially from the moments of phenol (1-54 pb), -cresol (1-57 D), and toluene 
0-37 D): 

, Ucalee = 1-54? + Upyx + 2(1-54)upnx cos 87° 47’ ° ° ° . (1) 


The following values have been taken for the moments of the parent monosubstituted 
benzenes (up,x): t-butylbenzene — 0-53, chlorobenzene 1-58, bromobenzene 1-56, fluoro- 
benzene 1-48, iodobenzene 1-40, nitrobenzene 4-01, and cyanobenzene 4-03. Interaction 
moments (z;,,) along the O-C bond, necessary to explain the observed dipole moments, 
have been calculated from equation 2 (Fig. 1): 


wp? = 1-54? + (ving + urnx)® + 2(1-54)(uing + urnx) cos 87°47' . (2) 


The results, together with acid dissociation constants (K,), infrared spectral data, and 
Hammett substituent constants («), are summarised in Table 2. Values of py, for the 
para-halogenophenols, now reported to be positive, increase in the order F < Cl < Br <I, 
in accordance with the view that the mesomeric effects of the halogen atoms, which oppose 
the mesomeric effect of the hydroxyl group, follow the order F > Cl>Br>TI. The 
negligibly small values of y;,, for p-fluoro-, p-chloro-, and p-t-butyl-phenol, in comparison 
with values reported for similarly substituted anilines and dimethylanilines,! are considered 
to be due to the greater ortho : para-directing power of the amino- and dimethylamino- 
groups. The value of y;,, increases with the acid dissociation constant, and the large 
2 Suetaka and Sanesi, Ann. Chim. (Italy), 1956, 46, 1133. 
: Ingham and Hampson, /., 1939, 981. 


Boud, Cleverdon, Collins, and Smith, /., 1955, 3793. 
Eri¢, Goode, and Ibbitson, J., 1960, 55. * 
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TABLE 2. 
OH frequencies 
pp (D) Heale (D) Hint (D) a°¢ 10'° Kk, in CCl, (cm.~!) 
p-t-Butylphenol ............ 1-62 1-61 — 0-03 —0-197 — 3612-1 
p-Fluorophenol Wasskvasewenes 2-17 2-18 —0-01 0-062 0-26¢ — 
PCresol .....ccscccresecnssseees 1-57 1-57 0 —0-170 _- 3612-8 
RIEL, ‘<itanwakavedaateundaksee 1-54 1-54 0 0 0-32¢ 3610-1 
p-Chlorophenol ............... 2-27 2-25 0-03 0-227 1-32¢ 3608-5 
p-Bromophenol ............... 2-27 2-23 0-05 0-232 1-554 3607-4 
p-lodophenol ...............4+ 2-21 2-12 0-13 0-276 2-19¢ “= 
p-Cyanophenol ............... 4-95 4:37 0-62 1000 112-28 — 
p-Nitrophenol ............... 5-07 4-35 0-76 1-270 724-5° 3594-5 


* Bennett, Brooks, and Glasstone, J., 1935, 1821. * Judson and Kilpatrick, J. Amer. Chem. 
Soc., 1949, 71, 3110. * Hammett, J. Amer. Chem. Soc., 1937, 59, 96. 


values for p-nitrophenol and p-cyanophenol are in accord with the powerful acid strengthen- 
ing character of the nitro- and cyano-groups. Ingraham, Corse, Bailey, and Stitt * have 
related the OH bond-stretching frequencies of substituted phenols to the Hammett o 
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values of the aromatic substituents, and Goulden 7 has shown that they can also be related 
to the pK, values. The values of y,,, provide contributory evidence of the extent of 
change of electrical character of the C-OH group effected by para-substituent groups. 
Evidence for intramolecular hydrogen bonding in ortho-substituted chlorophenols is 
provided by Wulf, Liddel, and Hendricks from an analysis of infrared spectra in the 
overtone region. cis- and trans-Forms of o-chlorophenol are distinguished, a considerably 
higher proportion of the cis-form being present, owing to hydrogen-bond stabilisation.® 
From the observed moment of phenol (1-54 p) acting at an angle of 87° 47’ to the O-C 
bond, and a C-Cl bond moment of 1-58 p at an angle of 60°, we have calculated the dipole 
moments of the cis- and the trans-form of o-chlorophenol to be 0-75 p and 2-99 D, respec- 
tively. The reported moment of o-chlorophenol " is 1-33 p, indicating preference for the 
cis-configuration, and providing further evidence for intramolecular hydrogen bonding. 
In order to interpret the measured moments of the 2,4,6-trihalogenophenols, intramolecular 
hydrogen bonding is recognised. It is considered that changes in the moments of the 
C-O, O-H, C-X (X = Cl, Br) bonds will occur, and in addition the H---X bond will 
contribute to the resultant moment of the molecule. These changes being assumed to 
reside in a single vector directed along the C-X bond in the ortho-position, and coupling 


* Ingraham, Corse, Bailey, and Stitt, J. Amer. Chem. Soc., 1952, 74, 2297. 
? Goulden, Spectrochim. Acta, 1954, 6, 129. 

® Wheland, Brownell, and Mayo, J. Amer. Chem. Soc., 1948, 70, 2492. 

® Wulf, Liddel, and Hendricks, J. Amer. Chem. Soc., 1936, 58, 2287. 

# Anzilotti and Curran, J. Amer. Chem. Soc., 1943, 65, 607. 
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this vector (ug_x) with the moment of phenol, and the moments of the C-X bonds 
(uo-o. = 1-58 D, vo-p, = 1-56 D) in the para- and remaining ortho-positions pp_x is cal- 
culated to be 1-71 and 1-55 for 2,4,6-trichlorophenol and 2,4,6-tribromophenol, respec- 
tively (Fig. 2). The observed dipole moments of these two compounds are, therefore, 
readily explained by small polar changes in one of the ortho-substituted groups, brought 
about by intramolecular hydrogen bonding. 

Infrared studies by Sears and Kitchen ™ indicate close proximity of alkyl to hydroxy] 
groups in o-alkylphenols, ¢.g., hindrance to intermolecular hydrogen bonding is partial 
in o-cresol, much greater in mesitol, and almost complete in 2,6-di-t-butylphenol. Mesitol 
undergoes hydrogen bonding to a greater extent than does durenol, and in explanation 
the above authors suggest that a meta-methyl group forces an adjacent ortho-methyl group 
closer to the hydroxyl group. We have calculated the dipole moments of the cis (1-88 p) 
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and the trans (1-24 D) form of o-cresol in the same way as previously described for 0-chloro- 
phenol. Comparison with the reported moment of o-cresol, 1-41 p (Table 1, ref. )), 
indicated preference for the ¢rans-form, and suggests that the closeness of approach of 
the groups in the ortho-positions causes repulsion. With mesitol and durenol, repulsion 
will occur between the hydroxyl group and two ortho-methyl groups. The vector diagram 
(Fig. 3) illustrates how a decrease in the mesomeric moment due to the hydroxyl group 
can explain the high moment of durenol (1-68 p),3 and the low moment of mesitol (1-43 D), 
relative to that of phenol (1-54 p). A C-O-H valency angle of 115° in phenol,!® and a 
value of 87° 47’ for the angle which the C-OH group moment in phenol makes with the 
C-O bond being assumed, the moments yoy and yo associated with the O-H and 
O-C bonds are calculated, by a method previously described, to be 1-70 p and 0-66 D, 
respectively. Approximate bond moments for aliphatic alcohols are yoy, 1-5 D and 
Yo-oc, 1-7 D (ref. 1, p. 92). A decrease in mesomeric moment along the O-C bond in mesitol 
and durenol would increase yo_¢ from 0-66 D towards a value of 1-7p, and reduce po-x 
from 1-7 p towards a value of 1-5 p. Taking the minimum value of wo__ (1-5 D), we have 
1 Sears and Kitchen, J. Amer. Chem. Soa, 1949, 71, 4110. 
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calculated from equation 3 the values of yoo for mesitol, durenol, and 2,4,6-tri-t-butyl- 
phenol necessary to explain the observed moments of these compounds (Fig. 3). These 
are 1-08 D, 1-62 D, and 1-53 D, respectively. 


up? = 1-5? + poo? + 2(1-5)(up-c) cos 115° 2 ww Cw. (8) 


Because of the small steric requirements of the hydroxyl group, we consider that the 
increase in the C—O bond dipole from 0-66 D in pheriol to 1-08 D in mesitol results from 
hyperconjugation of the ortho-methyl groups, rather than from steric inhibition of meso- 
merism. Supporting evidence for this suggestion is provided by data on acid dissociation 
constants. Phenol, #-cresol, o-cresol, 2,6-dimethylphenol, and mesitol have pK, values 
of 9-94, 10-19, 10-28, 10-60, and 10-88, respectively.6!* The effect of methyl substituents on 
the ionisation of phenol being assumed to be additive, calculated pK, values of 2,6-dimethyl- 
phenol and mesitol are 10-62 and 10-87, respectively, in close agreement with the observed 
values. Such agreement would be unlikely if steric inhibition of mesomerism, absent in 
phenol, #-cresol, and o-cresol, were an additional explanatory factor of the decreased 
acidity of 2,6-dimethylphenol and mesitol. 


TABLE 3. 
100w € Np 100w € np 100w € Np 100w € Np 
Phenol p-Cresol p-t-Butylphenol 2,4,6-Tri-t-butylphenol 
0-000 22725 1-4981 0-000 2-2725 1-4981 0-000 2-2725 1-4981 0-000 2-2725 1-4981 
0-274 2-2808 — 0-329 2-2813 — 0-225 2-2769 “= 0-139 2-2742 _- 
0-395 2-2838 — 0-573 °2-2877 — 0-451 2-2813 -— 0-365 2-2768 — 
0-519 2-2877 — 0-752 2-2923 — 0-676 2-2857 — 0-586 2-2790 — 
0-769 2-2948 - 0-846 2-2947 — 0-898 2-2895 — 0-810 2-2811 — 
0-903 — 1:4985 1-048 2-2999 — 1-121 2-2940 1-4983 1-055 2-2841 --- 
1023 2-3023 - 1-318 - 1-4988 3-328 - 1-4988 4-190 — 1-4979 
3-481 -- 1-4998 2-045 - 1-4992 5-436 - 1-4992 8-000 —- 1-4978 
6-369 —- 1-5013 3-224 1-4998 11-970 -— 1-4977 
p-Chlorophenol p-Bromophenol 2,4,6-Trichlorophenol 2,4,6-Tribromophenol 
0-000 22-2725 1-4981 0-000 2-2725 1-4981 0-000 2-2725 1-4981 0-000 2-2725 1-4981 
0-227 2-2826 - 0-339 2-2841 — 0-105 2-2738 — 0-115 2-2737 -— 
0-452 2-2927 — 0-451 2-2880 — 0-342 2-2768 — 0-230 2-2748 _- 
0-677 2-3033 0-564 2-2918 — 0-473 2-2786 — 0-445 2-2770 — 
0-788 = 1-4985 0-675 2-2957 0-550 2-2796 -- 0-580 2-2783 == 
0-901 2-3133 - 0-787 2-2996 1-4985 0-792 2-2826 1-4985 0-680 2-2790 oo 
3-211 —_- 1-4997 3-692 — 1-5002 3-275 — 1-4997 1-057 — 1-4987 
5-574 — 1-5009 5-434 7 1-5012 5-780 — 1-5010 3-226 — 1-5000 
5-314 — 1:5013 
Mesitol p-Iodophenol p-Fluorophenol p-Nitrophenol 
0-000 2-2725 1-4981 0-000 2-2725 1-4981 0-000 2-2725 1-4981 0-000 2-2725 1-4981 
0-125 2-2748 — 0-117 2-2755 —- 0-226 2-2830 -- 0-057 2-2842 -— 
0-360 2-2787 — 0-386 2-2826 — 0-452 2-2938 — 0-114 2-2953 — 
0-605 2-2828 — 0-575 2-2874 — 0-675 2-3038 -— 0-163 2-3048 — 
0-826 2-2868 — 0-794 2-2933 — 0-899 2-3133 — 0-223 2-3183 1-4983 
1-034 2-2901 -- 1-032 2-2999 1-4989 1-121 2-3238 1-4982 0-429 — 1-4985 
2-331 — 1-4985 3-766 - 1-5010 3-435 —-- 1-4986 0-600 — 1-4987 
4-406 1-4990 6-520 — 1-5031 5-370 — 1-4988 
7-219 1-4995 
100w € Mp 100w € Np 
_p-Cyanophenol p-Cyanophenol 
0-000 2-2725 1-498] 0-225 2-3238 1-4983 
0-070 2-2880 0-412 — 1-4984 
0-112 2-2975 — 0-870 —- 1-4987 


0-194 2-3165 —- 


With 2,4,6-tri-t-butylphenol, mesomeric inhibition is reflected in the increase in C-O 
bond moment from 0-66 D in phenol to 1-53 D, and is readily explained by a steric effect 
caused by the large ortho-t-butyl groups. 


'2 Sprengling and Lewis, J. Amer. Chem. Soc., 1953, 75, 5709. 
6Y 
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Finally, we suggest that in the case of durenol, hyperconjugation, and steric inhibition 
of mesomerism caused by the closer approach of the o-methyl groups to the hydroxyl 
group than in mesitol," may both contribute to the increase in C-O bond moment. A pK, 
value for durenol would be of interest in this connection. 


EXPERIMENTAL 


Materials.—p-Iodophenol, m. p. 93-5°, and p-cyanophenol, m. p. 113°, prepared from 
p-aminophenol by the Sandmeyer reaction, were recrystallised from light petroleum (pb. p. 
80—100°) and water, respectively. p-Nitrophenol, m. p. 113—113-5°, was recrystallised from 
hydrochloric acid and then from benzene below 60°. -Fluoroanisole, prepared from p-anisidine 
by the Bolz-Schiemann reaction, was heated with anhydrous alurainium chloride at 110° for 
3 hr., and the product, p-fluorophenol, m. p. 46—48°, b. p. 77°/13 mm., purified by vacuum 
distillation. Other solutes were prepared and recrystallised, and benzene purified and dried, 
as described previously.® 


Methods and Results.—Dielectric constants and refractive indices of solutions of graded 
concentration of each solute in benzene were determined at 25°, the methods and apparatus 
being the same as in a previous investigation.’ Dielectric constants were calculated relative 
to the value of 2-2725 at 25° for pure benzene. The results are recorded in Table 3, where the 
symbols have their usual significance. 


The authors thank J. Hall for assistance in the preparation and purification of the compounds, 
N. W. Vale for the construction of the heterodyne-beat apparatus, and Professor J. C. Tatlow 
and British Celanese Ltd. for samples of p-fluorophenol and isobutene, respectively. Acknow- 
ledgments are also due to Dr. J. W. Smith, M. S. J. Twiselton, and Dr. A. G. Catchpole for 
discussions. 
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835. A Physicochemical Investigation of the Methoxides of 
Lithium, Sodium, and Potassium. 


By P. J. WHEATLEY. 


The various solids that are formed when lithium, sodium, or potassium 
is dissolved in methanol have been characterized by chemical analysis, 
vapour-pressure measurements, and X-ray diffraction photographs. Lithium 
forms only LiOMe, the structure of which has been elucidated from powder 
photographs. Sodium forms NaOMe,2MeOH and NaOMe. Potassium 
forms KOMe,3MeOH, KOMe,MeOH, and KOMe. 


INTEREST has recently been revived in the nature of metal alkoxides. The less electro- 
positive metals tend to form polymeric, covalent alkoxides, but there is tittle information 
about the nature of the structure of the alkoxides of univalent metals. It has been 
shown that thallium alkoxides tend to form tetramers, and a structure has been suggested 
for these molecules.2, The evidence for the nature of the solids obtained when sodium is 
dissolved in methanol was for some time in doubt,? but has apparently been settled in 
favour of NaOMe,2MeOH and NaOMe.‘ No comparable information is available for the 
methoxides of lithium and potassium, except that unsolvated potassium methoxide can 
be obtained by heating a solution of potassium in methanol.” It is generally assumed that 
the alkali-metal alkoxides are ionic, but this assumption may be based on the fact that 

' Bradley, Nature, 1958, 182, 1211. 

® Sidgwick and Sutton, /J., 1930, 1461. 

3 (a) Geuther and Scheitz, Jenaische Zeitschr. fiir Medicin und Naturwiss., 1868, 4, 16; (b) Wanklyn, 


Annalen, 1869, 150, 200. 
* Geuther and Fréhlich, Annalen, 1880, 202, 288. 
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these methoxides are normally used as synthetic agents in ionizing media. Indeed it has 
recently been suggested that lithium methoxide may be a giant polymer.® In order to 
obtain more information about these systems, a physicochemical investigation has been 
undertaken of the solids formed when lithium, sodium, and potassium are dissolved in 
methanol. A preliminary report of the crystal structure of LiOMe has already appeared.® 


EXPERIMENTAL 


The metal was dissolved in an excess of pure, anhydrous methanol. After evolution of 
hydrogen had ceased, the flask was placed in a dry-box. When the moisture in the air of the 
dry-box had been removed (CaSO,), the solution of the methoxide was filtered through glass 
wool on to a watch-glass inside a vacuum-desiccator, the desiccator sealed, and methanol 
pumped off until crystallization began. Some of the crystals were put into Lindemann glass 
tubes in order to record their powder photograph, some were placed in small sample bottles 
for transfer to the vapour-pressure apparatus, and some were abstracted for analysis. The 
remainder was left in the desiccator so that more methanol could be pumped off as desired. 
As additional phases were identified in the vapour-pressure apparatus, samples were taken for 
identification by means of X-rays and for chemical analysis. Water had to be rigorously 
excluded at all times, since all the solutions and solids are extremely hygroscopic. 

The analyses were carried out by dissolving a known weight of solid in water and titrating 
the resulting solution against standard hydrochloric acid with Methyl Orange as indicator. 
The powder photographs were obtained in a 6-cm. diameter rotation camera with ‘Cu-K, 
radiation (A 1-542 A). Single crystals of two of the solvated methoxides were grown over a 
period of several months in capillaries, and the diffraction spectra of these crystals were recorded 
as Weissenberg and oscillation photographs. 


RESULTS 


It was observed qualitatively that the vigour of the reaction of the various solid phases 
with water increases with the atomic number of the alkali metal, and, for any given metal, 
increases with decreasing amounts of structural methanol. 

Lithium.—The only detectable phase was LiOMe (Found: Li, 18-7, 18-2. Calc.: Li, 
18-3%,). The powder photographs could be indexed on a tetragonal cell with a = 3-55, 
and c = 7-68, A. The systematic absence of the Ak0 reflexions with 4 + k odd corre- 
sponds to the space group P4/nmm (No. 129). The density calculated on the assumption 
of two formula units in the cell is 1-300 g./c.c. The observed density, which could not 
be accurately determined by flotation, was between 1-2 and 1-5 g./c.c. A satisfactory 
interpretation of the diffracted intensities was obtained with a crystal structure similar 
to that of lithium hydroxide.’ The lithium ions lie at +-(1/4, 3/4, 0), the oxygen atoms 
at +(1/4, 1/4, «,), and the carbon atoms at +(1/4, 1/4, u,). The space group requires 
the methoxide ion to have four-fold symmetry so that the hydrogen atoms, which were 
ignored in this analysis, presumably adopt a statistical arrangement to conform to this 
symmetry. The two parameters «, and u, were determined by trial and error, and found 
to be 0-10, and 0-29, respectively. The observed and calculated results are shown in 
Table 1. The scattering factors used were those of Berghuis e¢ al. No temperature 
factor was found to be necessary. The agreement index, R = Dl ovs. _ Teate.|[STovs.» 
was 10%. 

A projection of the structure on the ab plane is shown in Fig. 1. The lithium atoms 
(small circles) lie in the plane of the paper, the large full circles denote oxygen atoms 
above the plane of the paper. Vertically above each of these oxygen atoms lies an attached 
methyl group. The large open circles represent oxygen atoms and their attached methyl 

5 Bradley, Nature, 1959, 184, 55. 

* Wheatley, Nature, 1960, 185, 681. 

8 


’ Ernst, Z. phys. Chem., 1933, B, 20, 65; Dachs, Z. Krist., 1959, 112, 60. 
Berghuis, Haanappel, Potters, Loopstra, MacGillavry, and Veenendaal, Acta Cryst., 1955, 8, 478. 
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groups lying below the plane of the paper. If the structure is viewed normal to the four- 
fold axis, it is seen to consist of layers ABCBAABCBA .. ., with A = Me, B = O, and 
C = Li. The oxygen atoms are bonded to a methyl group on one side and co-ordinated 


TABLE 1. Powder diffraction data for lithium methoxide. 


ARE sin® Oo, @(A)* sin® Ocatc. Iove.t care. RkE sin® Ore. @(A)* sin? Oca. Tovet eate, 
001 00100 7-710 00101 700 634 021 00-1977 1-734 01985 30 26 
ore , 1 


002 — 0402 Abs. 014 0-2078 1-692 02081 20 23 
ere ‘St we eR |= a — 02286 Abs’ 0 
O11 0-0572 3-223 00572 500 520 120 — an oa 
012 00869 2616 00873 70 67 42005 £— salt GR oom 
03 — —  0-0905 Abs. 4 121 02451 1-557 0-2456 25 43 
1100-0938 2517 00942 100 121 114 06-2552 1-526 02552 10 I 
111 01040 2391 01043 15 418 122 02746 1-471 02757 10 9 
112 2 0-1344 —. us — 03789 Abs. 0 
org $0°1958 «2092 hig } 40 400g — 02986 Abs. 0 
04 — —  0-1610 Abs. 1 123 03258 1-351 03260 5 3 
> en — 061847 Abs. 3 116 03455 1-312 03457 10 5 
020 01878 1-779 01884 650 58 024 — — 03493 Abs. 0 


* d-spacings. f{ Abs., absent. 


TABLE 2. Interatomic distances (A) and angles in lithium methoxide. 


CIEE ‘divacervacccessepeesns 1-42 eT eee 3°55, 4-09 

2S | Ree ean oe 2-51 BRRMEE snekcesentecetees sits 80-3° 
BO! isd ecevevddeicevndes 1-95 ED invccecescadsscoes 114-5 

DD  cnciricnsvasddccdcces 2-99 CRED * Shicbiicsdéjecdaban deine 101-7, 131-1 


to four lithium ions on the other to form square pyramids with oxygen atoms at the 
centres as shown in Fig. 2. The lithium ions are surrounded by a distorted tetrahedron 
of oxygen atoms, the tetrahedron being flattened in the ¢ direction. The interatomic 
distances and angles are given in Table 2. These values are normal with the exception 


Fic. 1. Projection of the contents of 
the unit cell of lithium methoxide 


down {[c}. Small circles denote Fic. 2. The co-ordination of the 
lithium ions lying in the plane of oxygen atoms in lithium 
the paper and large circles oxygen methoxide. 


atoms lying in planes above and 
below that of the lithium ions. 





of the methyl-methyl contacts. In the ¢ direction the methyl-methyl contact has the 
expected value of about 4 A. In the a and 6 directions, however, the methyl groups are 
very closely packed. It seems reasonable to associate this short contact of 3°55 A with 
an enhanced interaction between the lithium ions and the oxygen atoms of the methoxide 
ions. 

The structure has features which can be associated with an approach towards covalency. 
Apart from the short methyl-methyl contacts, there is a pronounced layer effect which 
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suggests that, in solvents that are not too polar, sheets of atoms ABCBA, protected by 
the close-packed methyl groups, might be formed. 

Sodium.—Two phases were detected, NaOMe,2MeOH and NaOMe, in agreement with 
the findings of Geuther and Fréhlich * (Found in NaOMe,2MeOH: Na, 19-6, 19-9, 18-7, 
18-6. Calc.: Na, 19-5%. Foundin NaOMe: Na, 42-0. Calc.: Na, 426%). Noevidence 
for the intermediate NaOMe,MeOH, was found.® The vapour pressure of the equilibrium 
NaOMe,2MeOH == NaOMe + 2MeOH is 20 mm. at 20°. All the methanol can be 
removed from this dimethanolate by pumping at room temperature for several hours. 
The methanol is removed almost instantaneously at 190°. 

The powder photographs of the dimethanolate could not be satisfactorily indexed. 
The observed lines are given in Table 3. The photographs of unsolvated sodium methoxide 


TABLE 3. Powder diffraction data for sodium methoxide dimethanolate. 


Line Strength * Sin? Oors. d (A) Line Strength * —sin® Ocis. d (A) 
1 vs 0-0062 9-792 9 s 0-0904 2-564 
2 m 0-0095 7-910 10 w 0-0985 2-457 
3 m 0-0244 4-936 11 vw 0-1050 2-379 
4 mw 0-0363 4-047 12 Broad _ te 
5 vs 0-0474 3-541 13 ms 0-1609 1-922 
6 m 0-0545 3-303 14 m 0-1824 1-805 
7 m 0-0746 2-823 15 Broad — os 
5 mw 0-0816 2-699 


* vs = very strong, s = strong, ms = medium strong, m = medium, mw = medium weak, 
w = weak, vw = very weak. 


could be interpreted in terms of an orthorhombic cell with a = 4:32, 6 = 7-42, c = 8-73 A, 
although this solution cannot be considered unique. If this cell is correct and if it contains 
four formula units, the calculated density is 1-282 g./c.c. The density could not be 
determined directly by flotation. The observed powder lines of sodium methoxide are 
given in Table 4. 


TABLE 4. Powder diffraction data for sodium methoxide. 


Line Strength * Sin* Bobs, d (A) Line Strength * Sin? Oors, d (A) 
1 s 0-0078 8-730 15 m 0-2512 1-538 
2 vs 0-0108 7-419 16 m 0-2621 1-506 
3 vs 0-0427 3-731 17 m 0-2958 1-418 
4 s 0-0742 2-830 18 m 0-3305 1-341 
5 vw 0-0827 2-681 19 m 0-3583 1-288 
6 w 0-1020 2-414 20 m 0-4158 1-196 
7 s 0-1061 2-367 21 w 0-4563 1-142 
s s 0-1268 2-165 22 w 0-4904 1-101 
9 ss 0-1379 2-076 23 m 0-1554 1-074 

10 w 0-1638 1-905 24 w 0-5520 1-038 
11 ms 0-1698 1-871 25 w 0-5834 1-009 
12 m 0-2037 1-708 26 m 0-6394 0-964 
13 w 0-2291 1-611 27 w 0-6773 0-937 
14 m 0-2355 1-589 


* See footnote to Table 3. 


Potassium.—Three phases were detected, KOMe,3MeOH, KOMe,MeOH, and KOMe 
(Found in KOMe,3MeOH: K, 22-7, 23-0, 22-4. Calc.: K,23-5%. Foundin KOMe,MeOH: 
K, 38-5, 37-6. Calc.: K, 383%. Found in KOMe: K, 55-4. Calc.: K, 55°7%). The 
vapour pressure of the equilibrium KOMe,3MeOH === KOMe,MeOH + 2MeOH is 15 mm. 
at 19°. The trimethanolate can be converted into the monosolvate by pumping off 
methanol during several hours at room temperature. The monomethanolate appears to 
be thermally stable at room temperature, although the remaining methanol can readily 
be removed by heating to 190°. 


® de Forcrand, Ann. Chim. Phys., 1887, 11, 456. 
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Powder photographs of KOMe can be indexed on a primitive cubic cell with a = 8-77 A. 
If there are eight formula units in the cell, the calculated density is 1-382 g./c.c., which 


appears to be the most likely value. 


obtain a structure for these crystals. 


cell is monoclinic with a = 14-75 A, b* = 0-0665 A, and c* = 0-1071 A+. 


TABLE 5. 
(h? + k? + 2?) Strength * sin? O.4.. 


If there are six or twelve formula units, the calculated 
density is 1-036 and 2-072 g./c.c., respectively. The density could not be observed directly 
because of the immense affinity of the powder for water. 


It has not proved possible to 


The powder diffraction data are given in Table 5. 
A solitary single crystal was obtained of what was probably KOMe,MeOH. The unit 


Powder diffraction data for potassium methoxide. 
d (A) sin® Oar. 


(A? + k? + J?) Strength* sin? 0,1. 


There are 


. d (A) sin? Beate. 


1 vs 0:0077 8-786 0-0077 40 0-3092 
2 w 00149 6-317 0-0154 “1 0C<«“ sa 03122 1:380{ 6.3169 
4 w 0-0308 4-393 0-0309 45 wa ana s 0°3479 
9 s 0-0696 2-923 0-0696 ‘Us; 0:3519 1-300) 9.3556 
10 s 00773 2-773 0-0773 50 m 03856 1-242 0-3865 
il m 0-0849 2-646 0-0850 54 vw 0-4168 1-194 04174 
14 m 0-1083 2-343 0-1082 57 vw 0-4409 1-161 04406 
16 m 0-1245 2-185 01237 61 vw 0-4695 1-125 0-4715 
19 m 0-1474 2-008 01469 66 vw 05109 1-079 05102 
20 m 0-1548 1-960 0-1546 70 vw 05407 1-048 05411 
21 mw 01627 1-912 01623 81 ps eros 0°6261 
26 m 0-2020 1-716 0-2010 st 0-6289 0-972{ 6 6339 
29 ms 0-2242 1-628 0-2242 89 io orf 0°6880 
34 w 0-2621 1-506 0-2628 °o + Ww 06920 0-927{ 9.6957 
36 any § 0°2783 ee oat va ennf 0°7653 
7 w 0-2822 1-451{ 5.9860 = «CCU 0-7681 0-857{ 5.7739 


* See footnote to Table 3. 


probably sixteen formula units in this cell, giving a calculated density of 1-312 g./c.c. 
There was no means of checking the constitution of this crystal which was grown in a 
sealed capillary. If the above interpretation of these single photographs is not correct, 
at least one other potassium methoxide methanolate must be capable of existence, though 
no evidence was found for this existence from the vapour-pressure measurements, the 
analyses, or powder photographs. Powder photographs of the monomethanolate were 
very diffuse, and showed only three measurable lines. The positions of these lines were 





consistent with the above cell, but can hardly be considered as confirming it. 

Single crystals of the trimethanolate could be grown relatively readily, but always 
The crystals are monoclinic, 
space group P2,/n (No. 14), with a = 14-96, b = 7-68, c = 13-24 A, 8 = 93-8°. There 
are eight formula units in the cell, and the calculated density is 1-455 g./c.c. 


with the unique b axis parallel to the axis of the capillary. 


I thank Drs. G. H. and S. Olivé for bringing this problem to my attention, for preparing 


some of the samples, and for helpful discussions. 


MONSANTO RESEARCH S.A., BINZSTRASSE 39, 


Ztricu 3/45, SwiTZERLAND. 


[Received, March 10th, 1960.] 
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836. Mechanism and Steric Course of Octahedral Aquation. Part II.* 
Aquation of Chloro- and Bromo-isothiocyanatobisethylenediamine- 
cobalt(11) Salts. 


By M. E. BALpDwIn and M. L. Tose. 


The kinetics of the aquation of cis-chloro- and cis-bromo-isothiocyanato- 
bisethylenediaminecobalt(111) cations have been examined and the Arrhenius 
parameters determined. Both reactions yield only the cis-product. The 
factors causing the unusually large difference between the rates of aquation 
and the steric courses for the cis- and the ¢vans-isomers are discussed. The 
steric course of aquation of trans-[Co en, NCS,Cl]* as well as of reaction 
between hydroxide ions and /-cis-[Co en, NCS,CI]* is also reported. 


MaTHiEU? found that the change of the optical rotatory power of a solution of 
L-cis-[Co en, NCS,CI}Cl could be split into two stages, first a mutarotation corresponding 
to the reaction 


I-cis-[Co eng NCS,CI]* + H,O —— I -cis-[Co eng NCS,OH,]*+ + Ci- 


and, secondly, racemisation of the optically active aquo-cation. Although Mathieu did 
not publish rate constants for the aquation it was possible to obtain an order of magnitude 
for the first-order rate constant of the mutarotation and this proved to be very much 
greater than the rate constant for the aquation of the corresponding trans-cation.? 
Mathieu furthermore claimed that the product of the mutarotation was exclusively the 
cis-aquoisothiocyanatobisethylenediaminecobalt(111) cation but published an absorption 
spectrum virtually identical with that of the equilibrium mixture containing 85% of the 
cis-isomer.2 The kinetics and the steric course of the aquation have been re-investigated, 
in an attempt to reveal why the cis-isomer is so much more reactive than the ¢rans-isomer 
and whether, in fact, there is complete retention of configuration. 


RESULTS 


(1) Aquation of the cis-Chloroisothiocyanatobisethylenediaminecobalt(111) Cation.—(a) Kinetics. 
The aquation of the cis-chloroisothiocyanatobisethylenediaminecobalt(111) perchlorate was 
followed by a number of complementary methods. It was not possible to use the most direct 
method, namely, titration of the released chloride ions, because silver ions combine strongly 
with the co-ordinated thiocyanato-group.t' Further, mercuric ions catalyse replacement of 
both chloride and thiocyanate groups by water.* Although we have since developed a method 
using ion-exchange resins whereby the complex cations can be instantly and cleanly removed 
from the solution, leaving the anions as either the free acid or the sodium salt, this technique 
was not available for this investigation. Aquoisothiocyanatobisethylenediaminecobalt(111) 
cations, however, act as weak acids and can be titrated with sodium hydroxide: the rate 
constants determined thus will be designated “ titrimetric.” 

The aquation leads to an increase in the number of conducting species in solution, so the 
rate constants can be determined from the change in conductivity of a solution containing 
initially only cis-chloroisothiocyanatobisethylenediaminecobalt(111) perchlorate and perchloric 
acid. The rate, as well as the kinetic form, of the aquation depends on the nature of the 
electrodes used. Platinum black electrodes catalysed the early part of the aquation although 
the final conductivity and absorption spectrum of a solution, after ten half-lives had elapsed, 
were the same whether or not the electrodes were present throughout the reaction. The change 
in conductivity, when measured with shiny platinum electrodes, followed a first-order rate law 
and the rate constants were identical with those determined titrimetrically. These rate 
constants will be designated ‘‘ conductimetric.” 


* Part I, J., 1959, 3776. 


1 Mathieu, Bull. Soc. chim. France, 1937, 4, 687. 
? Ingold, Nyholm, and Tobe, J., 1956, 1691. 
* Tobe, unpublished work. 
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The different absorption spectra of the products and the starting compound made it possible 
to determine the rate constants for aquation from the change in the optical densities of a solution 
originally containing only cis-chloroisothiocyanatobisethylenediaminecobalt(111) perchlorate. 
This method is, however, affected by subsequent rearrangement of the products, and deter- 
mination of the optical densities for full reaction is not possible. Since other methods were 
available to determine the rate constants the spectrophotometric measurements were used 
mainly in conjunction with polarimetric and titrimetric measurements in order to determine 
the steric course of the reaction. 

Table 1 contains the rate data for a number of temperatures. , is obtained from the slope 


TABLE 1. First-order rate constants for aquation of cis-chloroisothiocyanatobisethylene- 
diaminecobalt(t11) perchlorate. 


[Initial Initial 
[Complex] [Complex] 
Temp. (10"°m) —-104#, (sec?) | Method Temp. (10°8m) —-10*R, (sec.4) Method 
751° 2-67 17-0 Cc 55-0° 6-40 3-08 Cc 
515 17-1 Cc ee 9-75 3-08 Cc 
2-72 3-08 S 
70-0 2-29 10-8 Cc 
41-85 10-6 C 50-0 3°78 1-68 : 
65-0 3:45 7-00 Cc 45-0 3°16 0-98 l 
: 3-52 6-92 Cc ee 3°43 1-11 T 
: 4-86 6-52 1 i 3°56 1-11 S 
as 2-14 7-03 S 
3-67 6-80 S 25-0 3-84 0-114 C 
of the linear part of the plot of log,, (V.. — V,) against time (V; = volume of standard sodium 


hydroxide required to neutralise the aquo-complex) for the titrimetric runs, or logy) (C. — C;) 
against time (C, = conductivity of the reacting solution). V, and C,, were experimental 
values determined after ten half-lives and corresponded -to the values expected if the reaction, 
went to completion. The spectrophotometric rate constants were obtained from the slope of 
logio (€2 — &) against time, where ¢, was the apparent extinction coefficient of the solution at 
4900 A at time ¢ and e,, was the extrapolated extinction coefficient for 100% reaction (=218) 
obtained by the method described in section 1b. 

Although a solution of either cis- or trans-[Co en, NCS,CI]*, when heated until there is no 
further change, yields an equilibrium mixture containing both the aquo- and the chloro-isothio- 
cyanato-species such that 


[Co en, NCS,OH,?*][CI“]/[Co en, NCS,CI*] = 0-15 mole 1.-! at 70°, 


where [Co en NCS,OH,**] represents the total concentration of all the aquoisothiocyanato- 
complex ions and [Co en, NCS,Cl*] represents the total concentration of all the chloroisothio- 
cyanato-species, it has been found that the chloroisothiocyanato-species is exclusively in the 
tvans-form. The back-reaction is much slower than aquation of the cis-isomer, and the assump- 
tion that it goes to completion is justified. Subsequent re-entry of some of the chloride ions 
can be observed if the reaction is studied for sufficient time. 

(b) Steric course. Because of the similarity of the spectra of the cis-chloroisothiocyanato- 
bisethylenediaminecobalt(111) and cis- and tvans-aquoisothiocyanatobisethylenediamine- 
cobalt(111) cations, a full spectrophotometric analysis is not possible. Since, however, the rate 
of isomerisation of the products is considerably less than that of the initial aquation such an 
analysis is not necessary and the steric course was determined in the following way. 

A kinetic run was followed simultaneously by a titrimetric and a spectrophotometric 
technique. The quenched samples were first examined spectrophotometrically and the optical 
density was determined at 4900 A, the wavelength of the absorption maximum of the 
cis-[Co en, NCS,OH,]** cation. A 10-0 ml. portion of the same sample was then titrated with 
standard sodium hydroxide and the extent of aquation determined. The apparent molar 
extinction coefficient (D/Cl, where D = optical density, C = total concentration of complex 
ion, and / = length of the light path) was plotted against % reaction. The curve, shown in 
Fig. 1, is initially a straight line; later, isomerisation of the product becomes important and the 
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slope decreases as a result of the presence of the ¢vans-aquoisothiocyanato-cation which absorbs 
less light than the cis-isomer at the wavelength used. Extrapolating the first linear: portion to 
100% reaction gives the molar extinction coefficient of the initial product. The value (218) 
obtained compares well with that (216) obtained for pure cis-[Co en, NCS,OH,]S,0,. The 
trans-isomer has an extinction coefficient of 100 at this wavelength. 

As the cis-aquoisothiocyanatobisethylenediaminecobalt(i11) cation has not yet been resolved 
into a solid crystalline optically active salt it is not possible to find its specific molar rotation. 
Mathieu, however, measured the rotatory dispersion and circular dichroism of a solution of 
L-cis-[Co eng NCS,CIJCl that had fully aquated and concluded from his observations that the 
aquo-product, d-cis-[Co en, NCS,H,O]?*, has the same configuration as the starting complex. 
The specific molar rotation of the product of the aquation was determined at 5400 A by plotting 
the apparent specific molar rotation of a solution originally /-cis-chloroisothiocyanatobis- 
ethylenediaminecobalt(111) perchlorate as a function of time. A rough value of [M]5499 = 
+-2700° was obtained by extrapolating the racemisation part of the curve to zero time. This 
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approximate value is sufficiently large to indicate that there has been little, if any, change in 
configuration as a result of the aquation reaction. 

(2) The Steric Course of the Aquation of trans-Chloroisothiocyanatobisethylenediamine- 
cobalt(111) Perchlorate —In the first study * it was found that the rate constant for the approach 
of the products to isomerisation equilibrium was about ten times faster than that for aquation 
of the ¢vans-chloroisothiocyanato-complex. Product analyses gave a roughly constant value of 
about 80% of cis-product throughout the reaction and at the time it was thought that this 
value was due to the equilibration of the product. However, the steric course of such aquations 
has become an important factor in the understanding of the mechanism of aquation and for 
this reason these results have been re-examined in detail. 

Owing to the relatively fast rearrangement of the aquo-products the ratio of cis : trans- 
isomers in the product depends on the steric course of the reaction only during the early stages. 
Later the ratio is controlled by the isomerisation equilibrium. It is not possible to obtain 
significant experimental results at the very early stages of the reaction because, there, expression 
of the product composition in terms of a cis : trans-ratio greatly magnifies the experimental 
error. In order to see whether it was at all possible to determine the steric course of this 
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aquation, a family of curves of % reaction against % of cis-product (¥) varying from 0 to 100% 
in intervals of 10%, was plotted for a reaction sequence of the type: 
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———}> x cis-[Co eng NCS,OH,]** + Ci- 
k, 
trans-[Co eng NCS,CI}+ + H,O — kay Ake 
—p> (100 — x) trans-[Co eng NCS,OH,]?* + Ci- 


the known values of k,, k,, and k_, being used. Fig. 2 shows some of these curves together with 
experimental values obtained at 70°6°. Itisseen that at less than 20% reaction, the experimental 
error in determining the amount of cis-product is too great for the data to be of significance. 
When the reaction is more than 40% complete the product composition is controlled almost 
entirely by the thermodynamic equilibrium of the two aquoisothiocyanato-isomers. However, 
in the region between 20% and 40% reaction, the analysis is sufficiently accurate and the 
method sufficiently sensitive for a rough estimation of the steric course to be possible. 

The product analyses were carried out spectrophotometrically. Optical densities were 
measured at 5800, 5300, and 4900 A and the concentrations of tvans-[(Co en, NCS,Cl}*, 
trans-[Co en, NCS,OH,]?*, and cis-[Co en, NCS,OH,]** calculated as previously described.? 

The theoretical curves of Fig. 2 were calculated by means of formule derived for the study 
of the aquation of trans-bromoisothiocyanatobisethylenediaminecobalt(111) perchlorate,? with 
the values k, = 4:00 x 10° sec.1, hk, = 0-64 x 10% sec.1, and k_, = 2-93 x 10% sec. 
(temp. 70-6°). 

Fig. 2 shows that the initial product of the aquation of trvans-[Co en, NCS,Cl]* contains at 
least 50°, of the cis-aquoisothiocyanato-isomer. There is probably even more steric change 
but the method is far less sensitive for the fixing of the upper limit. 

(3) The Steric Course of the Reaction between Hydroxide ions and 1-cis-Chloroisothiocyanatobis- 
ethylenediaminecobalt(111) Perchlorate in Water.—This reaction was studied by Ingold e¢ al.? who 
used the racemic cis-complex ion. It is now possible to extend the study to the optically active 
form of the cation. The reaction between the cis-[Co en, NCS,CI]* cation and hydroxide ions 
is sufficiently fast for the steric course to be determined by analysing a solution acidified after 
the reaction had run to completion. The acidification, which converts the hydroxo-complex 
into the aquo-complex, takes place with complete retention of configuration, and analysis of 
the aquo-complex can be directly related to the composition of the original hydroxo-complex 
mixture. For a full analysis of the product it is necessary to know the specific molar rotatory 
power of a pure cis-aquoisothiocyanatobisethylenediaminecobalt(111) enantiomorph. As this 
is not available the values used in calculation are those obtained from a study of the aquation 
of a fully resolved specimen of /-cis-[Co en, NCS,Cl]*, the method outlined in section (1b) being 
used. Although there is no direct proof that aquation is accompanied by full retention of 
configuration these calculations give a minimum value for the amount of cis-product with 
inverted configuration. The results are given in Table 2. 


TABLE 2. Proportions in which d-cis-, |-cis,- and trans-hydroxoisothiocyanatobisethylene- 
diaminecobalt(111) cations are formed in the reaction of hydroxide ions with |-cis-chloro- 
isothiocyanatobisethylenediaminecoball(111) perchlorate in water at 0°. 


E4900 [M] sav 
CITI «0 da cine cendecysnsicseesiastecs 216 O-C1S-FRIOGORIOE. 60.000:005500scrccccedecceses -+2700° 
IE FIO 6 cccseconsscccsescrsccseses 100 Aquo-cation mixture  .............eeeeeees +875 
Aquo-cation mixture ............scseeeees 193 


d-cis (Configuration retained) 56% 
Formed hydroxo-isomers = Final aquo-isomers = </-cis (Configuration inverted) 24% 
trans 20% 


(4) The Aquation of cis-Bromoisothiocyanatobisethylenediaminecobalt(111) Bromide.—(a) Steric 
course. Preliminary observations of the aquation of the cis-[Co en, NCS,Br]* cation indicated 
that aquation was considerably faster than isomerisation of the aquo-products, thus facilitating 
direct spectrophotometric analysis of the products at the completion of the reaction. Fig. 3 
shows how the absorption spectrum of a solution originally containing cis-bromo-bromide 
changes as aquation proceeds. The isosbestic points observed are common to the spectrum of 
pure cis-aquoisothiocyanatobisethylenediaminecobalt(111) dithionate measured under similar 
conditions. It follows that aquation of cis-bromoisothiocyanatobisethylenediaminecobalt(I11) 
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ions yields 100% of cis-product which then slowly isomerises. In the absence of data for 
optically active cis-[Co en, NCS,Br]* cation it is not possible to say whether there is complete 
retention of configuration in the aquation. 

(b) Kinetics. Aquation of the cis-bromoisothiocyanatobisethylenediaminecobalt(111) cation 
was followed spectrophotometrically. The isomerisation of the products, that made the 
spectrophotometric method applicable only to the first stages of aquation of the cis-chloroiso- 
thiocyanato-complex, did not cause any difficulty in this case because the faster aquation, the 
high activation energy of the isomerisation * (28 kcal. mole“), and the lower temperatures of 
the investigation combined to separate the rates of the two processes. 
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The method used to compute the rate constants differed in practice, but not in principle, 
from that used in section (la). Measurements were made at 4800, 5700, 4100, 4000, 5280, and 
4380 A. At the first of these the absorption increases as the reaction proceeds (see Fig. 3), and 
at the next three it decreases. The last two wavelengths are those of the two isosbestic points 
and the constancy of the absorption at these wavelengths was used as a check on the method. 
The solution was assumed to contain only two absorbing species, the cis-bromo- and the cis-aquo- 
isothiocyanatobisethylenediaminecobalt(111) cations. The fraction (*) of reaction completed 
was determined at each of the first four wavelengths by using the expression, * = 
(« — ¢,)/(€2 — ¢,), where ¢ is the apparent molar extinction coefficient of the solution at time ¢, 


TABLE 3. First-order rate constants (k,) for the aquation of cis-bromoisothiocyanatobis- 
ethylenedtaminecobalt(111) bromide. 


[k, is determined from the slope of the plot of log,, (1 — x) against time. Solvent: 4 x 10-3n- 
perchloric acid.] 


Initial Initial Initial 
[Complex] [Complex] [Complex] 
Temp. (10-°m)  10*k, (sec.-) Temp. (10-8m) 10'R, (sec.-) Temp. (10-*m) 10%, (sec.~*) 
59-95° 0-598 13-4 ~ 43-30° 0-480 2-37 29-95° 0-520 0-469 
- 1-04 13-9 SA 0-989 2-36 * 0-914 0-451 
- 3-03 13-6 = 2-89 2-36 a 3-13 0-455 


¢, is the extinction coefficient of the starting compound, and ¢, the extinction coefficient of the 
product. The values of x determined at each of these wavelengths were averaged and the 
mean was used in calculating the rate constants (Table 3). The temperature-dependence of 
the rate constants can be summarised by the expression, k, = 2-1 x 10% exp —23,100/RT. 


* Baldwin and Tobe, unpublished work. 
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DIscussION 

A&perger and Ingold > showed the effect of a non-participating group A on the rate of 
replacement of a chlorine ligand by water in complex ions [Co en, A,CI]"* to depend on 
the electron-displacing properties of group A, and Basolo® extended the data. No 
attempt was made to distinguish between the behaviour of cis- and trans-isomers, since, 
from the results available, the configuration seemed to have only a small effect on the rate 
of aquation of the complex ion, the maximum difference being only a factor of 10. Ingold? 
later showed that, although the rate of aquation was slightly more sensitive to the in- 
fluence of a frans- than of a cis-group A, the electron-displacing properties of A hada 
similar effect for the two isomers. 

The chloro- and bromo-isothiocyanatobisethylenediaminecobalt(I11) isomers do not fit 
into such an arrangement. Table 4 contains the relevant Arrhenius parameters, the rate 


TABLE 4. First-order rate constants k, = B exp (—E/RT), Arrhenius parameters, and 
products of the aquation of cis- and trans-[Co eng NCS,X]* cations. 


hk, at 25° E cis- 
Group replaced (sec.~?) (kcal./mole=?) logy) B Pioduct (%) 
COM aso eccdewinstdenesesss 1-1 x 10°5 20-8 10-3 100 
trvans-Cl 5 x 10°8 30-4 14-9 50—70 
COTE. Zacncseeess 2:3 x 10°5 23-1 12-3 100 
tvans-Br 5 x 10° 30-1 15-3 45 





constants either measured or extrapolated for the reaction at 25°, and the product analysis. 

The two chloro-isomers differ in reactivity by a factor of 200 at 25° and there is an 
unusually large difference in their activation energies (~10 kcal. mole), which is only 
partially compensated by a more favourable entropy term for the ¢vams-isomer. These 
differences are also found between cis- and trans-bromoisothiocyanato-complexes but they 
are less marked. It is interesting that the rate constants for the exchange of the co- 
ordinated water in the [Co en, NCS,OH,]** cation with isotopically labelled solvent do not 
show this great difference and are of the same order of magnitude for the cis- and the trans- 
isomer. These results can be understood on the following bases. The co-ordinated 
thiocyanate group in these complexes can be satisfactorily represented by the structure 
(I).5 The formal positive charge on the nitrogen would be expected to produce an inductive 
withdrawal of electrons from the cobalt, a (—J) effect, but there is a ready path (see II) 
whereby one of the lone pairs on the sulphur can conjugate with the breaking of the Co-X 
bond. 


(I) Co-N=C-S: QD coffee £3. (II) 


This electromeric (+7) effect will be far more important than the inductive effect in 
determining the mechanism of aquation. All four isomers reported in Table 4 are expected 
to aquate by means of an Syl mechanism. This assignment is clear in the case of the 
cis-isomers,’ but since the trans-isomers are border-line cases the assignment is based on 
the steric course of the reactions. Preliminary experiments have shown that ¢érans- 
[Co en, Cl,}* and étrans-[Co en, OH,CI]* will be aquated with considerable change of 
configuration whereas for trans-[Co en, NH,,Cl]?* 4 and trans-[Co en, NO,,Cl]* ® there will be 
full retention of configuration. Since the assignment of an Syl mechanism to the first 
pair of cations and an Sy2 mechanism to the second pair of cations is more reliable there is 
a reasonable basis for the assumption that trans-[Coen,NCS,CI]* and _ trans- 
[Co en, NCS,Br]}* will be aquated unimolecularly. 

The considerable difference in the reactivity of the halogenoisothiocyanato-isomers 


5 ASperger and Ingold, J., 1956, 2862. 

* Basolo, Record Chem. Progr., 1957, 18, 1. 

? Ingold, “ Theoretical Organic Chemistry,’ Kekulé Symposium, Butterworths, London, 1959, 
p. 98. 
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can be explained in terms of the transmission of the (+7) effect to the reaction centre. 
This can be visualised as the feeding in of another lone pair of electrons from the thio- 
cyanate ligand into the orbital being vacated by the outgoing group. 

When the group is cis to the outgoing group there is adequate overlap without any 
change in the relative positions of the five ligands. This results in a square pyramidal 
transition state and should lead to complete retention of configuration, which is borne 
out by experiment. When the thiocyanate ligand is in the ¢rans-position it will be unable 
to provide this (+7) effect until there is a change in configuration. For this change, two, 
or even all four, of the ligands cis to the outgoing group could move round towards it as it 
starts to leave, forming a trigonal bipyramidal (III) or distorted square pyramidal (IV) 
transition state. Since there is no other initial driving force both of these transition states 
will require a high activation energy. This distortion may lead to “ release ”’ of some of 
the solvating water on the side of the complex trans to the outgoing group, facilitating the 
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reaction by the gain in entropy. Both these transition states would lead to a considerable 
amount of change in configuration as a result of the reaction and this is in fact found. It may 
be possible that these isothiocyanato-complexes behave normally and the other ligands that 
labilise through a (+-7) effect, e.g., Cl and HO, are abnormal. In both these cases, and for 
chlorine especially, the initially non-bonding lone pairs on the donor atom may provide 
a type of inductive filled-shell repulsion through the d,, filled orbital of the cobalt to initiate 
the departure of an outgoing ¢vans-group and so enable the (+7) effect to operate. Work 
now in progress on these complexes seems to support this idea. An additional effect, 
contributing to the lability of the cis-[Co en, NCS,CI]* cation alone, is the possibility that 
the cis-isothiocyanate group helps to orient a solvating water molecule, which may form 
a hydrogen bond with the chlorine and assist its dissociation. This may be the reason 
for the extraordinarily low activation energy and also for the loss of entropy as a result of 
ordering this molecule. The effect is not found with the corresponding bromo-complex. 


EXPERIMENTAL 


Preparations.—cis-Chloroisothiocyanatobisethylenediaminecobalt(t11) perchlorate was pre- 
pared as described by Werner,® by the action of potassium thiocyanate on trans-dichlorobis- 
ethylenediaminecobalt(111) chloride. The crude cis-chloroisothiocyanatobisethylenediamine- 
cobalt(111) chloride was triturated with 60% perchloric acid, whereby it first dissolved evolving 
hydrogen chloride and the perchlorate was then precipitated. The precipitation was made more 
complete by addition of methanol. The compound was recrystallised by pouring warm dilute 
perchloric acid on to the crystals and filtering the resultant solution by suction as rapidly as 
possible into a Buchner flask surrounded by ice. The perchlorate monohydrate was obtained 
(Found: C, 15-5; H, 46. Calc. for C;H,,Cl,CoN;O,S: C, 15-4; H, 4:7%). The anhydrous 
salt was obtained by drying the monohydrate over calcium chloride in a vacuum (Found: 
C, 16-3; H, 4-7; N, 19-1. Calc. for C,H,,Cl,CoN,O,S: C, 16-1; H, 4-4; N, 189%). 

l-cis-Chloroisothiocyanatobisethylenediaminecobalt(111) perchlorate was prepared from the 


8 Werner, Annalen, 1912, 386, 139. 
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racemate by Tupizina’s method.® A concentrated aqueous solution of the racemic cis-chloro- 
isothiocyanatobisethylenediaminecobalt(111) chloride was treated with the calculated amount 
of ammonium (-+)-«-bromocamphor-z-sulphonate and left for 1 hr. The pink precipitate was 
filtered off and triturated with 60% perchloric acid in which it dissolved. Very soon the 
perchlorate crystallised. It was filtered off and dissolved in the minimum amount of water, 
and the complex was once again precipitated as the (+)-«-bromocamphor-z-sulphonate and 
then converted into the perchlorate. This sequence of operations was carried out four times 
and the perchlorate obtained was recrystallised from warm dilute perchloric acid. The pure 
crystals were dried with calcium chloride under vacuum (Found: C, 16-3; H, 4-7. Calc. for 
C;H,,Cl,CoN,O,S: C, 16-1; H, 4.4%). The rotatory dispersion curve of this compound agreed 
very well with that reported by Tupizina.* The designation of this enantiomorph as the 
levo-form arises from the negative rotatory power at wavelengths greater than 5800 A. At the 
wavelengths used for measurement in this investigation the rotations were positive. 
cis-Bromoisothiocyanatobisethylenediaminecobalt(111) bromide was prepared by the action of 
hydrobromic acid on cis-aquoisothiocyanatobisethylenediaminecobalt(111) dithionate according 
to Werner’s method.!° This compound (10 g.) was dissolved in water (30 ml.), and concen- 
trated, bromine-free hydrobromic acid (5 ml.) was added. The mixture was heated in an 
evaporating basin until the colour had changed from orange to purple and then set aside to cool 
and crystallise. The crystals were filtered off, washed with alcohol and ether and dried by a 
stream of air. The yield (3-0 g.) could be improved by adding a little more concentrated 
hydrobromic acid to the mother-liquor and evaporating it further on a steam-bath. The 
product, however, is sometimes contaminated with the trans-bromoisothiocyanato-complex. 

The crystals, which are a mixture of cis-bromoisothiocyanatobisethylenediaminecobalt(11) 
bromide and dithionate, were dissolved in 72% perchloric acid (5 ml.), and the perchlorate was 
precipitated by adding water (1 ml.), alcohol (100 ml.), and ether (100 ml.). The solid was 
filtered off, dried, and dissolved in the minimum amount of water at 40°. The filtered solution 
was cooled and bromine-free 50% hydrobromic acid was added drop by drop. The bromide 
separated as purplish-red crystals (1-4 g.) which were filtered off, washed with alcohol, and ether 
and dried over concentrated sulphuric acid in a vacuum (Found: Co, 14-4, 14-6; Br, 39-0; 
SCN, 14-0. Calc. for [Co en, NCS,Br]Br,}H,O: Co, 14:5; Br, 39-4; SCN, 143%). 

Methods of Measurement.—Spectra were measured with a Unicam Quartz spectrophotometer 
S.P. 500 and silica cells. Polarimetric measurements were made with a Schmidt and Haensch 
polarimeter. The wavelength of the light passed through the instrument could be varied 
between 4000 and 6000 A by means of a prism mounted on a micrometer screw. The original 
light sou rce of this instrument was too weak to be used satisfactorily with the strongly absorbing 
solutions encountered and was replaced by a more intense arc lamp. Electrical conductivities 
were measured with a Phillips A.C. Bridge. The solutions were contained in a 25 ml. vessel 
equipped with shiny platinum-foil electrodes, 0-5 cm. apart. 
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F.R.S., for much valuable advice and encouragement. One of them (M. E. B.) gratefully 
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837. Blue “ Solutions” of Potassium in Ethers. 
By F. S. Darnton, D. M. Wirks, and A. N. Wricurt. 


The properties of the blue “ solutions ’’ obtained when potassium mirrors 
are in contact with either pure dimethoxyethane or tetrahydrofuran have 
been investigated. Such “ solutions ’’ have absorption maxima at 7000 and 
10,000 A, have no detectable paramagnetism, but are conducting (specific 
conductivity ~10°° mho at —78°c). They are partially decolorised by heat 
or by irradiation with X- or y-rays, and this colour loss can be completed by 
centrifugation. Centrifugation and Tyndall-beam experiments indicate that 
the thermal ageing is accompanied by the separation and growth of solid 
particles. The dimethoxyethane solutions initiate anionic polymerisation 
of vinyl monomers but only ~30% of the dissolved potassium gives rise to 
species capable of initiation. The concentration of the initiating species is 
proportional to the optical density at 7000 A of the homogeneous solution 
and completely colourless “‘ solutions ” cannot initiate polymerisation, and 
have negligible electrical conductivity. The relevance of these and related 
observations to the hypothetical constituents of such solutions is discussed. 


, 


ALKALI metals readily form blue solutions in ammonia and amines which are thought to 
possess electronic orbitals of large size and Jow energy, some of which are occupied by 
single electrons and others by pairs of electrons.* Very unstable solutions having a 
similar blue colour have been reported when various alkali metals interact with water # 
or alcohol *5 under suitable conditions.. Down, Lewis, Moore, and Wilkinson ® have 
recently described blue solutions which are of stability intermediate between these extremes 
and are formed when certain ethers are brought into contact with potassium or potassium— 
sodium alloys. The present work was begun with the triple object of discovering (a) 
whether the blue solutions of potassium in 1,2-dimethoxyethane (DME) or tetrahydrofuran 
(THF) contained solvated electrons either as ‘‘ dimers’”’ (e,) or ‘‘ monomers” (e,), (3) 
whether they could be used as rapid initiators of anionic polymerisation, and (c) whether 
they could serve as “ scavengers’”’ of free radicals produced in the radiolysis of these 
ethers in the same manner as the electrons in solutions of sodium in liquid ammonia.’ 
In this paper we report certain physical and chemical properties of these systems which 
are relevant to (a). Several of our findings correspond well with those reported very 
recently by Cafasso and Sundheim.§ 


EXPERIMENTAL 


Preparation of Blue “ Solutions.’’—The oils contained in freshly cut small cubes of potassium 
were removed by immersion in n-hexane and in pure ether for long periods. Immediately 
before a solution was made, one such cube was scraped under ether, removed to a baked-out 
glass vacuum-apparatus, and further purified by melting, decantation from any infusible solid 
and twice distilled in vacuo with complete exclusion of mercury vapour, the final distillate being 
in mirror form. The requisite amount of rigorously purified and degassed tetrahydrofuran 
or 1,2-dimethoxyethane was condensed on to the mirror at —78°, and the whole was again 
exhaustively degassed at —196°. After a contact time at room temperature of 5 min. for 
dimethoxyethane and 20 min. for tetrahydrofuran, the resultant blue liquid was decanted 
through a sintered-glass filter into the appropriate vessel. Longer contact periods did not 
cause more potassium to dissolve. 


' Kraus, J. Chem. Educ., 1953, 30, 83. 

* Hutchinson and Pastor, Rev, Mod. Phys., 1953, 25, 285. 

3’ Symons, Quart. Rev., 1959, 18, 99. 

* Woltorn and Fernelius, J]. Amer. Chem. Soc., 1934, 56, 1551. 

5 Jortner and Stein, Nature, 1955, 175, 893. 

* Down, Lewis, Moore, and Wilkinson, Proc. Chem. Soc., 1957, 209; J., 1959, 3767. 
? Cleaver, Collinson, and Dainton, Tvans. Faraday Soc., 1960, 56, in the press. 

* Cafasso and Sundheim, J. Chem. Phys., 1959, 31, 809. 
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The middle fraction (b. p. range 0-5°) of the ether obtained by distillation from sodium at 
atmospheric pressure was degassed and twice distilled im vacuo, being finally collected in a 
receiver coated with a potassium film, whereupon a blue colour usually developed. Before 
use it was distilled on to a second mirror of purified potassium and allowed to remain for 
+48 hr. 

Monomer Purification.—The purification ® and use of the styrene are described elsewhere. 

Examination of the Solutions.—The colours of the “‘ solutions ” gradually fade and a greyish- 
black solid separates which is much paler when dry. The fading was assessed spectroscopically 












































Fic. 1. Absorption spectra of freshly prepared “‘ solutions” of potassium in ethers. Potassium 
concentrations were estimated flame-photometrically. 
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(a) In the wavelength range 400—800 mu. 


A. DME-potassium concentration = 0-5 mM. 

© DME spectrum of “ solution ’’ used to obtain previous curve remeasured after the “ solu- 
tion ” had been cooled to — 196°, then warmed rapidly to room temperature again. 

(] THF-potassium concentration = 0-2 mM. 

x THF after 33 min. 50 kvp X-irradiation and 12 min. centrifugation. Initial potassium 
concentration = 0-3 mm. Absorption A <600 my due to coloration of glass by X-irradi- 
ation. 


(b) In the infrared region. 


DME-potassium concentration = 1-0 mm. 
Spectrum measured (——-) 6 or (~ - —-—) 35 min. after preparation of “ solution.” 
THE-potassium concentration = 0-3 mM. 


Spectrum measured ( ) 8 min. or (- —--—-) 6 hr. after preparation of “ solution.” 


in the wavelength ranges 350—800 my and 1—3 yp. The total potassium contents of com- 
pletely faded “‘ solutions,”’ all of which were several days old and contained a very small amount 
of the finely divided solid, were measured by standard flame-photometric methods. The 
separation of this solid was accelerated by centrifugation. Studies were also made of the first 
appearance of the solid and its sedimentation in the gravitational field by observations of the 
Tyndall beam. 

There was evidence that a small amount of a gas, non-condensable at — 196°, was always 
produced during the formation of a blue “ solution,” and was followed by the slower evolution 
of a gas non-condensable at —110°. In order to identify this gas, about 15 ml. of the ether 
were distilled successively into three bulbs each containing a fresh potassium mirror, the solvent 
being in contact with only one of the mirrors at any time. Each bulb was cooled to — 110° 


* Colclough and Dainton, Trans. Faraday Soc., 1958, 54, 886. 
1 PDainton, Wiles, and Wright, J. Polymer Sci., 1960, in the press. 
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and any gas non-condensable at this temperature, where the vapour pressure of the.ether was 
negligible, was collected and analysed mass-spectrometrically. 

Fading of the “solutions’’ was greatly accelerated by irradiation with X- or y-rays. 
Standard irradiation and dosimetric techniques for Co y-rays and 50 kvp X-rays were used. 

Samples of many “ solutions”’ were examined for paramagnetism in a standard Goiiy 
balance assembly, and other samples contained in sealed, thin-walled, ‘‘ Spectrosil”’ brand, 
high-purity, quartz tubes were placed in the resonance cavity of a Varian electron spin resonance 
spectrometer operating at 9400 Mc./sec. with a resonant field of 3200 gauss provided by a 
Mullard electromagnet and capable of detecting 10 mole 1.“ of NN’-diphenylpicrylhydrazyl. 
These measurements were made at various temperatures in the range — 196° to 20° and at all 
of which the experimental arrangement permitted the sample to be illuminated by an intense 
beam of unfiltered light from a Mazdalux MED-5 lamp. 

The conductivities of ‘‘ solutions ’’ of various temperatures and ages were measured in a 
simple vacuum conductivity cell with platinum wire electrodes, which had been standardised 
with a potassium chloride solution. 


Results 


Ultraviolet, Visible, Infrared, and Electron Spin Resonance Spectra and Magnetic Properties.— 
Freshly prepared filtered solutions of potassium in 1,2-dimethoxyethane and tetrahydrofuran 
have absorption maxima at 7000 and 7200 A respectively and also at 10,000 A (see Fig. 1). 
The extinction coefficients based on the total potassium content of the solutions were 
€2999 (DME) = 7299 (THF) (5 + 1) x 108 1. mole cm.7. 
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Fic. 2. Spontaneous decay at room temper- 
ature in the absorption at 520, 700, and 1000 
my of a freshly prepared and filtered ‘‘ solu- 
tion”’ in 1,2-dimethoxyethane containing 
potassium initially at 1-0 mm concentration. 
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No electron spin resonance signal was obtained from a filtered or unfiltered “ solution ”’ in 
each ether either in the solid or in the liquid phase, irradiated or unirradiated with ultraviolet light 
at any of the five temperatures specified. The sensitivity of the equipment was such that 
unless unusually extensive line-broadening was occurring, a spin concentration of 107m could 
have been detected. A dilute (~10-°m) solution of sodium in liquid ammonia placed in the 
same apparatus gave the characteristically narrow and intense signal. Goiiy-balance measure- 
ments at room temperature confirmed that neither dimethoxyethane nor tetrahydrofuran 
“solutions ” are paramagnetic. | 

Spontaneous and Induced Changes in the ‘‘ Solutions."—The solubility of potassium in 
dimethoxyethane at —78° is 6—10 x 10m, which is approximately twice its value in tetra- 
hydrofuran, and consequently saturated “‘ solutions ” in the former were a darker blue imme- 
diately after preparation. The fading of the blue colour was accompanied by diminution of 
absorption at 5200 and 10,000 A (Fig. 2). 
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The dimethoxyethane “ solutions ’’ faded much more rapidly than those in tetrahydrofuran. 
The fading of both “ solutions” was accompanied by formation and eventual precipitation 
of a dark grey powder. Ina Tyndall-beam experiment on a typical dark blue dimethoxyethane 
‘‘ solution,’’ no Tyndall cone was visible until 15 min. had elapsed, by which time only a slight 
fading was perceptible. The intensity of the scattered light increased for a further 95 min., 
at which the “ solution’ was completely colourless. Suspended particles were observed in 
the light beam for the following 4 days, but they had completely settled out 128 hr. after 
preparation of the “ solution.”” On the assumption that the viscosity of the dimethoxyethane 
is 5 x 10% poise and that the particles had a density of 0-87 g. cm. and were spherical, their 
mean diameter was calculated to be of the order of 1000 A. This result suggested that some of 
the blue colour of the “‘ solutions ”’ was due to light scattering by colloidal particles, and this 
conclusion was confirmed by the observation that centrifugation of an aged ‘‘ solution ’’ caused 
an immediate decrease of the optical density at 7000 A to a nearly constant value (see Fig. 3). 
For a typical tetrahydrofuran “ solution ’’ the size of the largest particles, calculated from the 
sedimentation rate and on the assumptions that the particles are spherical and of density 
0-9 g. cm.-*, was found to be roughly 5000 A. In marked contrast to these observations, 





Fic. 3. The effect of centrifugation 
and X-irradiation of a 0-3 mM “‘ sol- 
ution’ of potassium in tetrahydro- 
furan on the optical density at (A) 
520 and (B) 700 mu. 


y Centrifuged for 5 min. 
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centrifugation had no effect on the optical density of a solution of sodium in liquid ammonia 
which remained stable for more than 3000 hr. Microanalysis of the solids collected from a 
large number of bulbs in which dimethoxyethane or tetrahydrofuran was stored over excess 
of potassium for about 24 hr. indicated that, if due allowance is made for the possible formation 
of potassium carbonate during combustion, the empirical formule of the residues are: 
(CH,*OMe),, KO,C,H,, and C,H,0,KOC,H,. During formation, both “ solutions ”’ evolved small 
amounts of hydrogen and hydrocarbons. In the case of 1,2-dimethoxyethane, methane com- 
prises 96% of the hydrocarbons, and in the case of tetrahydrofuran, ethylene is by far the 
largest constituent. The data for tetrahydrofuran suggest that potassium induces the decom- 
position of the solvent into ethylene and ethylene oxide, that this oxide is polymerised, and 
that the polymer forms an insoluble complex with potassium. The presence of methane in 
the gases evolved from dimethoxyethane “ solutions ’’ suggests the possible generation of 
methyl radicals as precursors of the methane. Although it is not profitable to speculate further 
concerning these reactions, which are undoubtedly very complex, they probably have the 
important consequence that they yield products capable of sequestering the potassium in an 
insoluble form and thereby contributing to the “‘ ageing ’”’ process. 

Irradiation with ®Co y-rays or 50 kvp X-rays caused a sudden permanent decrease of the 
optical density at 7000 A (see Fig. 3), and a dose of 5 x 10 of y-rays sufficed to bleach a solution 
initially 1-0 mM in potassium. However, if undissolved potassium was present the colour 
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returned within 20 min. of cessation of the irradiation. Even in the absence of undissolved 
potassium repeated irradiations never reduced the optical density to zero. Only a combination 
of irradiation and centrifugation accomplished this rapidly. The curve —x— of Fig. 1 (a) shows 
the development of an ultraviolet absorption band during irradiation. This was due solely 
to radiation-induced coloration of the glass walls of the reaction vessels. A reduction in 
temperature of a blue “ solution’ always caused marked intensification of the blue colour, 
and spectrophotometric studies indicated that this occurred without any marked change in 
shape of the absorption band centred at 7000 A. An increase in temperature of as little as 
15° above room temperature caused a decrease in colour and greatly accelerated the fading. 
Partial restoration of colour and resumption of the characteristic fading rate were achieved 
when the solution was brought back to room temperature. A greater degree of restoration 
of colour was obtained if either solid potassium was present or the solution was poured on to 
a fresh potassium surface. Cooling a ‘‘ solution’? to —78° caused a very large increase in 
colour, and this deeper blue lasted for many minutes after the “ solution ’’ had been brought 
back to room temperature [cf. Fig. 1 (a)]._ This phenomenon was observed many times in 
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both the presence and the absence of a potassium mirror, although restoration of colour of a 
completely bleached “ solution ”’ necessitated contact with a fresh potassium surface. Some 
of these effects are shown in Fig. 4. 

Changes in Specific Conductivity—At —78° the specific conductivity of a blue “ solution ” 
of 1 x 10° mole of potassium per litre of 1,2-dimethoxyethane was 7-8 x 10% mho. Fading 
of the ‘‘ solution ”’ either occurring spontaneously or brought about by warming caused a 
decrease in the specific conductivity, and when the colour was no longer visible the specific 
conductivity had fallen to the constant value of 7 x 10° mho. At a potassium concentration 
of 0-2mm the equivalent conductivity at room temp. is ~20 mho™ cm.?, a result which suggests 
that considerable ion-pairing is taking place even at this dilution. 

Concentration of Polymerisation Initiating Species —The addition of styrene to blue “ solu- 
tions ’’ of potassium in dimethoxyethane caused the formation of red “living ” polystyrene.’ 
The polymerisation being assumed to proceed by the anionic mechanism proposed by Szwarc 
et al... the number of initiating species could be equated to twice the number of polystyrene 
molecules formed. The results indicated that only 30% of the total potassium content of a 
fresh, saturated, 1,2-dimethoxyethane “ solution ’’ was effective as initiator. ‘‘ Solutions ” 
which had become completely bleached either by heat or by y-irradiation did not initiate 
polymerisation, and experiments with partially faded “ solutions ” showed that the concentra- 
tion of active species was propértional to the optical density at 7000 A. A freshly prepared 
filtered ‘‘ solution” kept at —78° showed no detectable change in colour or concentration of 
initiating species during 3 days. 


"™ Swarc, Levy, and Milkovitch, J]. Amer. Chem. Soc., 1956, 78, 2656. 
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DISCUSSION 


Some of the experiments reported here have also been described by other investigators ®8 
and in most cases there is good agreement between the results. E.g., Cafasso and Sund- 
heim’s data § concerning the solubility of potassium in 1,2-dimethoxyethane and the visible 
spectra, thermal fading, and conductivities of the resultant solutions are confirmed by our 
results. However, these authors did not detect the infrared band at 1 » for potassium in 
this ether although they did find it for a solution of cesium in di-[2-(2-methoxyethoxy)- 
ethyl] ether and they also observed near-infrared bands at 0-89 and 0-91 u for solutions 
of rubidium in this solvent and our ether respectively. Cafasso and Sundheim,® in common 
with ourselves and others, obtained no paramagnetic resonance absorption in liquid 
potassium-dimethoxyethane systems, whereas Tuttle and Weissman }* reported a “‘ weak 
spin resonance absorption line about two oersteds in breadth.’’ Contrary to our findings, 
Cafasso and Sundheim report that when solutions of potassium in dimethoxyethane are 
frozen a paramagnetic resonance spectrum appears which disappears abruptly on melting. 
No satisfactory explanation for these discrepancies can be given. Perhaps the least 
objectionable view would be to associate these differences with the extreme susceptibility 
of the alkali metal—ether systems to traces of impurities. 

In spite of these inconsistencies, it is possible to compare, with some confidence, 
“solutions ’’ of potassium in tetrahydrofuran and 1,2-dimethoxyethane with the true 
solutions of aJkali metals in ammonia and amines. The electrical properties of the former 
are similar to those of dilute versions of the latter. The effect of temperature on the blue- 
ness of ether “ solutions”’ is analogous to that reported for the amine systems.4* The 
absence of free spins in the ether “ solutions,” though surprising in view of the infrared 
band, is in keeping with the expected gradation of properties in the series of decreasing 
dielectric constant from ammonia, through amines to ethers. 

The absorption band, with a maximum at, or near, 7000 A, which is also found under 
suitable conditions for all alkali-metal solutions, is probably attributable to species con- 
taining electrons with paired spins, which may be expanded metal dimers. It also seems 
possible that the 1 » band corresponds to the absorption peak at 1-5 » found for alkali 
metal—amine solutions and is due to the same species, namely, unpaired electrons in solvent 
cavities. On the other hand, the shifts which this band sometimes undergoes when either 
the solute or solvent is changed suggest that it might be due to “ expanded metal 
monomers.”’ Whichever hypothesis is correct, the infrared band in the ether “ solution ” 
cannot be taken as evidence for the presence of appreciable concentrations of paramagnetic 
species. If an equilibrium exists between the spin-paired and unpaired species the 
concentration of the latter cannot exceed 0-1% of the concentration of the former, and 
consequently the transition probability and extinction coefficient of the infrared band 
would be excessively large. Furthermore, the fact that illumination of solid and liquid 
“solutions” with intense unfiltered light from a mercury arc causes neither bleaching 
nor any detectable paramagnetic resonance signal strongly suggests that, if electron 
transfer from the dimers occurs on irradiation with ultraviolet light, as is the case with 
rigid glasses containing lithium and methylamine,” the reverse reaction must be very 
rapid in the solid as in the liquid phase. 

The polymerisation experiments provide strong evidence that the ether “ solutions ” 
contain negatively charged species which initiate the polymerisation of styrene by donation 
of electrons to styrene molecules, the resulting radical ion propagating anionically. The 
correlation between the initiator concentration of the solutions, determined by the poly- 
merisation technique, and their optical density at 7000 A indicates that the initiators are 


“ee 


1 Ref. 25 of ref. 3 (not available to the authors). 

18 Tuttle and Weissman, J. Amer. Chem. Soc., 1958, 80, 5342. 

'* Fowles, McGregor, and Symons, J., 1957, 3239. 

'* Berry, Linschitz, and Schweitzer, J. Amer. Chem. Soc., 1954, 76, 5833. 
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pairs of solvated electrons or solvated dimeric ion pairs. There appears to be no obvious 
reason * why the initiator concentration should be only ~30% of the total potassium 
concentration of the “ solutions.” and it is therefore necessary to assume that more than 
half the potassium is dispersed in the solvent in a form which makes it ineffective as an 
initiator (see below). 

The feature which sets ether “ solutions’ apart from other alkali-metal solutions is 
the heterogeneity which develops during the decay process. The decay itself indicates 
that the solvated electron pairs on expanded metal dimers are unstable relative to reaction 
products which are evidently insoluble. The high potassium content of the residue from 
the aged tetrahydrofuran “ solution ’’ suggests that, during the growth of the nuclei of 
the products, solute and probably also solvent molecules are trapped and thereby withdrawn 
from true solution and deprived of their power of initiating polymerisation. Perhaps it is 
permissible to regard all solutions of alkali metals in liquids as potentially capable of 
containing a whole spectrum of entities ranging from single electron cavities through 
solvated expanded metal dimers to metal-solvent agglomerates; and that the most stable 
species differ from system to system and depend upon metal concentration within the 
same system, although the expanded metal dimer is a common constituent of all systems 
having an absorption maximum around 7000 A. 

The details of the primary act when ethers are subjected to ionising radiation are not 
known. However, it is very likely that amongst the products will be free radicals, such 
as alkoxyl radicals (RO-), the electron affinity of which will considerably exceed the 
binding energy either of a single electron in a solvent cavity or of an electron in the orbital 
of an expanded metal dimer. These latter species will therefore enter into rapid exothermic 
reactions exemplified by the scheme 


‘ , 


“e 


RO» + e,~ (or e,?-) —» RO™ + (or e,”) 


and will thereby act as efficient “‘ scavengers ’’ of those radicals having sufficient electron 
affinity. Radiation-induced bleaching of blue potassium in ether “solution” in a 
manner entirely analogous to that of sodium in liquid ammonia’ is therefore to be 
expected. The data of the previous section indicate the G value for such radicals is 
about 8 + 2 for Co y-rays, a not unreasonable result for an organic ether. 
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the award of a Fellowship to D. M. W., to the Grace Chemical Company for financial assistance 
to A. N. W., and to the D.S.I.R. and Dr. P. B. Ayscough and Mr. A. P. McCann for making 
the electron spin resonance measurements possible. We also acknowledge helpful discussions 
with Dr. K. J. Ivin. Dr. J. D. Waldron, of A.E.I. Ltd., very kindly carried out the diffi- 
cult mass-spectroscopic analysis of the gases evolved during formation of the “‘ solution.” 
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* A similar situation appears to exist when sodium—naphthalene is made. Allen and Stretch ™ 
have recently reported that ‘‘ owing to side reactions and an incomplete primary reaction between the 
metal and hydrocarbon ”’ less sodium—naphthalene is produced than total sodium used. 


16 Allen and Stretch, Proc. Chem. Soc., 1959, 399. 
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838. T'ransition-metal Complexes of Seven-membered Ring Systems. 
Part II. Azulenemetal Carbonyls.” 


By R. Burton, L. Pratt, and G. WILKINSON. 


The reaction between azulene and various substituted azulenes with 
molybdenum, manganese, and iron carbonyls gives substituted metal 
carbonyl complexes such as (azulene) Fe,(CO);. 

Nuclear magnetic resonance spectra of, and other physical measurements 
on, the compounds are discussed and evidence for a novel type of isomerism 
in substituted azuleneiron carbonyls is presented. 


IN a previous note! we described some metal carbonyl complexes derived from cyclo- 
heptatriene. We have now prepared compounds in which molybdenum, manganese, and 
iron carbonyl residues are bound to either or both of the seven- and five-membered rings 
in the hydrocarbon azulene and its derivatives. 

High-resolution nuclear magnetic resonance studies on cycloheptatrienemolybdenum 
carbonyl ** and similar iron derivatives * together with X-ray-diffraction studies of the 
molybdenum compound,' indicate that the bonding of the hydrocarbon to the metal atom 
must be considered as involving essentially independent double bonds rather than a 
delocalised x-electron system. Present nuclear magnetic resonance studies of azulene 
complexes have shown that a similar view must be taken, as the spectra can be interpreted 
only if it is assumed that the bonding is olefin-like in nature. Since the iron complexes 
have been most suitable for detailed study, owing to their greater solubility in organic 
solvents, we consider them first. 

The compounds prepared in this work together with some spectral data are listed in 
Table 1. We note here that metal complexes of a different type have been prepared from 
metal halides and 4,6,8-trimethylazulene, ¢.g., C,3H,,RhCl;, C,s;H,,PdCl,; these compounds 
will be described separately. 


A. AZULENE IRON COMPLEXES 


Interaction of azulene and iron penta- or dodeca-carbonyl gives from each the same 
two products. The first, azulenedi-iron pentacarbonyl, is diamagnetic, dark-red, 


co co cO ¢O 
co 


(Ib) (Ic) 


crystalline, stable in air, moderately soluble in chloroform and polar solvents, but sparingly 
soluble in non-polar solvents. It sublimes im vacuo at 100°, but at higher temperatures 
regenerates azulene almost quantitatively. Possible structures for this compound are 
(Ia, b, and c), where both metal atoms have the formal inert-gas configuration; the iron 


1 Part I, Abel, Bennett, Burton, and Wilkinson, /J., 1958, 4559. 

? Cf. (a2) Burton and Wilkinson, Chem. and Ind., 1958, 1205; (b) Burton, Green, Abel, and Wilkinson, 
ibid., 1958, 1592. 

* Green, Pratt, and Wilkinson, J., 1959, 3753. 

* Burton, Bennett, Pratt, and Wilkinson, unpublished work. 

5 Dunitz, E. T. H., Ziirich, personal communication. 
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carbonyl residues in (Ia) could be on the same side (cis) or on opposite sides (trans) of the 
azulene nucleus. ; 

For the second product, because of its high molecular weight, it has proved difficult 
to obtain an empirical formula: analyses combined with related work on some polynuclear 
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TABLE 1. Azulenemetal carbonyls and their spectra. 


Infrared Ultraviolet Amax. (mp) 
Compound Colour M. p.* 2100—1700 cm.1* (log ¢ in parentheses) 
Fe,(CO), azulene Dark d>100° 2046s, 1996s, 1976s 280(4-02), 330(3-91) 
red 405(3-57), 515(3-22) 
Fe,(CO), (1,3-dideuteroazulene) a d>100 2046s, 1996s, 1976s — 
Fe,(CO), (4,6,8-trimethylazulene) a 122—125 2043s, 1990s, 1975s 
Fe,(CO), (4-methylazulene) - oil 2043s, 1989s, 1971s 
Fe,(CO), (guaiazulene A) ne 97—99 2041s, 1988s, 1966s° 243(4-42), 330° (3-94), 
410(3-41), 510(3-09) 
Fe,(CO), (guaiazulene B) - 110—111 2039s, 1990s, 1965s° 243(4-42), 330° (3-93), 
410(3-37), 510(3-01) 
Fe,(CO),,; azulene Pale d>170 2061s, 1999s, 1765m 
brown 
Mn,(CO), azulene Pale 153—154d 2027s, 1938s 
yellow 
Mn,(CO), (4,6,8-trimethylazulene) ts 2028s, 1939s 
Mo,(CO), azulene Black d>150 2033s, 1960s, 1897w 275° (4-33), 326(4-14 
1867w 403(3-95), 475(3-51) 
Mo,(CO), (4,6,8-trimethyl azulene) ps d>170 2028s, 1951s, 1886w, 
1861w 
Mo,(CO), guaiazulene . d>170 2016s, 1949s, 1895w, 270 sh (4-33), 330(4-14), 
1866w 403(4-00), 475(3-69) 


* In CHCl, solution with NaCl optics. ° Fine structure present. ¢ Spectra in 4000—600 cm."! 
region given in Experimental section. * d = Decomposition. 


cycloheptatriene iron complexes ¢ lead us to suggest (C,)H,),Fe;(CO),3. It is a light brown 
solid, sparingly soluble in chloroform, ethanol, or benzene, and insoluble in light petroleum. 
The infrared spectrum shows a strong band at 1765 cm. suggesting the presence of 
bridging carbonyl group(s). The compound is paramagnetic. Although several con- 
ceivable structures can be drawn, there is at present no means of deciding between them. 

(1) Dipole Moments.—The compound C, )H,Fe,(CO), is sufficiently soluble to allow 
the dipole moment to be determined, and it was hoped that this would clearly indicate 
whether the iron carbonyl residues were in cis- or trans-positions. 

Since the nuclear magnetic resonance measurements discussed below indicate that the 
metal-hydrocarbon bonding is similar to that in olefin—-metal complexes, we assume that 
the major contribution to the dipole moment of the molecule arises from the metal—double 
bond dipole.* An approximate estimate of the dipole for the ring—-iron bonds can be 
obtained from those of the cycloheptatriene-* and cyclo-octatriene-iron carbonyl com- 
pounds,* which are 2-3 and 2-37 pD, respectively. The resultant moment for a cis-configur- 
ation in C,)H,Fe,(CO), would then be ca. 2 x 2-3 D (any dipole contribution of the azulene 
nucleus, which would be relatively small, being neglected), which is to be compared with 
the observed moment of 3-97 p. 

Although for structures of the type (Ib and c) the iron-carbonyl groups must be in 
cis-relation, a trans-configuration for (Ia) would almost certainly have a dipole moment 
much smaller than that observed. In the case of the azulenemolybdenum carbonyl 
discussed below (which unfortunately is too insoluble to allow dipole-moment measure- 
ments) it is very difficult to explain the observed stoicheiometry except with a cis-form. 

* The metal-carbon monoxide bond dipole is alleged to be small, ca. 0-4 D (Weiss, Z. anorg. Chem., 
1956, 287, 223) or 0-26 p (Fischer, Internat. Conf. Co-ordination Chem., Chem. Soc. Special Publ. No. 13, 


oo p. 87), so that the difference between —Fe(CO), and —Fe(CO), contributions will be only of this 
order. 


* Fischer, Palm, and Fritz, Ber., 1959, 92, 2645. 
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In view of the existence of isomers (discussed below) in the substituted azuleneiron 
carbonyls the question could be raised whether these are merely cis- and trans-carbonyl 
forms. If this were the case, there seems no reason why azulene and symmetrically 
substituted azulenes should not show both cis- and trans-forms of the complexes, which, 
owing to the large differences in dipole moment, should be readily separable by chromato- 
graphy. Very careful chromatography of the azulene and 4,6,8-trimethylazulene 


Fic. 1. Proton resonance spectra of di-iron pentacarbonyl complexes of azulenes at 56-45 mc. /sec., relative 
to tetramethylsilane as internal reference. Field increasing left to right. 
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(1) Azulene; (2) azulenedi-iron pentacarbonyl; (3) 4,6,8-trimethylazulene; (4) 4,6,8-trimethylazulenedi-iron 
pentacarbonyl; (5) guaiazulene; (6) mixture of guaiazulenedi-iron pentacarbonyl isomers; (7) isomer 
A; (8) isomer B; (9) mixture of 4-methylazulenedi-iron pentacarbonyl isomers. 


















































complexes has given no evidence of such separation. We therefore believe, on the available 
evidence, that only the cis-form occurs. 

In a preliminary theoretical treatment of the bonding in these metal complexes? it 
was assumed that the ¢rans-configuration occurs and also in the iron compound that the 
-Fe(CO), group is attached to the five-membered ring. As discussed below, the additional 
assumption that the metal atoms are symmetrically placed with respect to the rings may 
well not be so for the seven-membered ring. In view of the facts now available we feel 
that a re-evaluation of the theoretical approach is necessary. 

(2) High-resolution Nuclear Magnetic Resonance Spectra——The nuclear magnetic 
resonance spectra of the various azulenedi-iron pentacarbonyl complexes, together with 
those of the parent hydrocarbons, are shown in Fig. 1; details of the spectra are given 
in Table 2 and the Experimental section. 

The spectra of the substituted parent azulenes agree with the assignments for azulene 


7 Brown, Chem. and Ind., 1959, 126. 
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itself first given by Pople, Bernstein, and Schneider. The spectra accord with the facts 
that in azulene, 1,3-dideuteroazulene, and 4,6,8-trimethylazulene, the ring protons in 
symmetrical positions relative to the Cig;—Cy) axis are in equivalent environments and 
that in 4,6,8-trimethylazulene the 4- and the 8-methyl group are identical (this is not so 
in the complexes). 

For the iron complexes, the resonances of all the ring protons occur at markedly higher 
fields than for the parent hydrocarbons, as has been observed for other unsaturated hydro- 
carbons bound to transition-metals.* This shift probably arises partly because the 
n-electrons of the hydrocarbon which are involved in bonding to the metal atom do not 
have the same freedom to respond to the applied magnetic field as they have in the parent 
hydrocarbon with their paramagnetic contribution to the shift of the protons attached 
to the unsaturated group being decreased. In addition, there is probably a contribution 
from induced moments in the metal atom. As mentioned above, this up-field shift does 


Vic. 2. Isomers of di-ivon pentacarbonyl complexes of azulenes. 


Fe(CO), FeO), 
FeCO)s QQ 
FeCO)2 FeCO)2 
R R 
FeO), FeO); 
FeCO)2 Fe€O)2 
FeO); Fe(CO); 
~> 
R R 


not necessarily mean that the hybridization of the carbon atoms of the co-ordinated double 
bonds has changed towards sf* with formation of o-type metal—carbon bonds, and indeed 
infrared evidence contradicted this idea.* 

Detailed assignments of the nuclear magnetic resonance spectra are given on p. 4300. 
Comparison of these spectra shows that two of the ring protons Hq) (or Hyg) and Hg are 
shifted to higher fields than are the others. Therefore in the five-membered ring in the 
complexes, Hq) and Hyg) are in different environments. In the seven-membered ring, it is 
found that Hq and Hyg) are not equivalent to Hig) and H,), respectively. Also in the 
4,6,8-trimethylazulene complex, the 4- and the 8-methyl group are not equivalent, since 
three chemically shifted methyl peaks are observed and only one of the lines assigned 
to the 4- or 8-group shows a doublet structure due to coupling with a ring proton. Hence 
in the complexes the magnetic environment for protons or groups at positions 1, 8, and 7 
is not equivalent to that at positions 3, 4, and 5, respectively. This lack of equivalence is 
discussed below and reasons for it are suggested. We now take it that there is a real 
asymmetry in the complexes about the Cig»—Cy) axial plane. This implies that each 
compound derived from a symmetrically substituted azulene has enantiomorphic forms, 

* Pople, Bernstein, and Schneider, J. Amer. Chem. Soc., 1958, 80, 3497. 
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and that a compound derived from an unsymmetrically substituted azulene has two 
geometrical isomers, each of these having two enantiomorphs. 

This situation is shown diagrammatically in Fig. 2, where the asymmetry about the axial 
plane is indicated by the heavier line on one side; we use structure (Ia) as an example 
but the situation would be similar for (Ib and c). 

(3) Guaiazulene- and 4-Methylazulene-iron Compounds.—The nuclear magnetic 
resonance spectrum of the guaiazulenedi-iron pentacarbonyl, as first isolated, appeared 
to be particularly complicated and the band intensities could not be interpreted by 
comparison with the spectra previously obtained. Interpretation was possible on the 
basis of an isomeric mixture; very careful chromatography enabled us to separate two 
isomers A and B occurring in a 1: 1 ratio. 

Partial resolution of isomer A was attempted on a 90-cm. column of (+)-lactose by 
the procedure ® used for chromium and cobalt trisacetylacetone complexes. No rotation 
was, however, detected in the first or final fraction, which was not surprising in view of 
the neutral character of the compounds. 

The isomers A and B have virtually the same infrared spectrum throughout the 4000— 
600 cm. range (see p. 4299) though a few weak peaks appear to shift but in no case by 
more than 30 cm.'. The band positions in the visible and ultraviolet spectra are the 
same with only slight differences in intensity. Thermal decomposition of the complex 
in both cases regenerated guaiazulene, as demonstrated by nuclear magnetic resonance 
measurement. The chemical properties of the isomers appear to be the same, but there 
is a notable difference in melting point (Table 1). 

The nuclear magnetic resonance spectra of the isomers show considerable differences 
(Fig. 1). Superposition of the individual spectra (with intensities corresponding to 
equimolar quantities) gives a resultant spectrum identical in all details with that originally 
obtained for the mixture. 

We have been unable to separate the isomers of 4-methylazulenedi-iron pentacarbonyl 
chromatographically but the nuclear magnetic resonance spectrum (Fig. 1) can again be 
interpreted in terms of an equimolar isomeric mixture. 

(4) Discussion.—The proton resonance lines can be satisfactorily assigned by inter- 
comparison of the various spectra, without specification of the configuration of the isomers. 
In addition, however, it is possible on the nuclear magnetic resonance evidence to assign 
configurations to the guaiazulene isomers and, by analogy, to those of 4-methylazulene. 
Before doing so, we consider some of the reasons for the asymmetry about the CoCe® 
axial plane in the complexes. 

It is possible that carbon monoxide groups adopt some preferred orientation which is 
not symmetrical about this axial plane or that the x-electron distribution in the co- 
ordinated azulene is asymmetric. Both of these effects could arise with any of the 
structures (Ia, b, c). 

Considering, first, (Ia), if we assume that the trigonal bipyramidal configuration of 
iron pentacarbonyl is approximately retained in the azulene complexes, then since the 
two apical positions are different from the equatorial ones, it becomes impossible to form 
three equivalent iron-olefin bonds from the Fe(CO), group to the seven-membered triene 
ring. Thus we can expect that the Fe(CO), group would be bound unsymmetrically with 
respect to the axial plane, and that one of the metal-ring (apical) bonds would confer 
properties on the x-electron density localised in this bonding position of the hydrocarbon 
ring differing (e.g., in the coupling constants across the double bond) from those in the 
other two positions. Further, the two Fe-CO distances in the Fe(CO), group should be 
different, and finally there is also the possibility that the carbon skeleton of the azulene 
nucleus is not planar.* 

* For an Mo(CO), group bound to the seven-membered ring, three equivalent bonds to the metal 
octahedral) would be expected but distortions of the azulene skeleton could again be present. 

® Moeller and Gulyas, J. Inorg. Nuclear Chem., 1958, 5, 245. 
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In structures (Ib and c), the iron carbonyl group [Fe(CO), and Fe(CO),, respectively] 
is bound to only two of the conjugated double bonds in the seven-membered ring, leaving 
the third double bond free. Thus, if we consider the hydrocarbon rings only, the principal 
difference between structures of type (I) is the degree to which the “ lone” double bond 
of the seven-membered ring is involved in bonding to the iron atom. On the basis of 
either infrared or nuclear magnetic resonance spectra it is not possible to distinguish 
between these types. The fact that all of the ring protons in the azulene and other 
complexes are shifted to high fields relative to the normal olefinic resonances does not 
rule out the possibility of a lone, non-co-ordinated double bond since an up-field shift 
of the protons on the latter could be produced entirely by fields from the induced 
moments in the metal atom. Attempts to hydrogenate the azulene and 4,6,8-trimethyl- 
azulene complexes over Adams catalyst failed, but further studies on the chemical 
properties of the complexes are now in progress. 

Irrespective of the details of the bonding, however, any of the structures (Ia, b, c) can 
account for the nuclear magnetic resonance spectra and the existence of isomers derived 
from asymmetrically substituted azulenes. 

Thus, using the guaiazulene compound as an example, we have (II) and (III) [for 
structural types (Ia and b)] as geometrical isomers, which we designate respectively 
3,8-dimethyl-5- and 1,4-dimethyl-7-isopropylazulenedi-iron pentacarbony]l. 


CH, c 


FeCOs cH, CHCH;)> Feo), ° CH, 


CHEH,)2 





COfe<— FeO, 


CHy 


o> 


CH, CHCH,), CH, 
(II) (IIT) 


On this basis we can make an approximate interpretation of the nuclear magnetic 
resonance spectra, partly by analogy with our previous experience with other conjugated 
olefin-metal complexes where it was found that when a conjugated diene ? or similar 
system such as cyclopentadienone ™ is bound to a transitional metal the resonances of the 
protons on the terminal carbon atoms of the conjugated diene are shifted to higher 
magnetic fields than those of the protons on the central carbon atoms. 

In structures (II) and (III), if the five-membered ring can be considered as a diene 
group, it should have a spectrum similar to that of co-ordinated cyclopentadiene or 
butadiene,’ so that only the proton Hq) in (II) (corresponding to the “ terminal ”’ position) 
would appear at the higher fields. Only one of the guaiazulene isomers, A, has a single 
high-field proton resonance associated with the five-membered ring. In structure (III), 
there is a methyl group at position 1 and no high-field line for the five-membered ring can 
be expected; in fact guaiazulene isomer B has no such line. Hence considering the five- 
membered ring we can make the assignment: isomer A = (II); isomer B = (III). 

In the seven-membered ring, the spectra can be interpreted by regarding the four 
carbon atoms constituting one side (about the C.-C, axial plane) as a conjugated diene 
system, with a separate or metal-co-ordinated double bond on the opposite side of this 

Green, Pratt, and Wilkinson, J., 1960, 989. 
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axial plane. For structure (Ia), this arrangement corresponds approximately to the 
bonding of two “ equatorial” positions of the penta-co-ordinated iron atom to the diene 
group and the axial position to the lone double bond. Again only one proton, H¢), is a 
“ terminal ’’ one and its resonance would appear at high fields for both forms (II) and 
(III). In both guaiazulene isomers, the line assigned to H¢ lies at high fields. In isomer 
B, the magnitude of the splitting of one of the methyl groups is about the same as that 
observed across a single double bond in simple olefins containing this cis-CMe:CH group.” 
Thus it seems reasonable to assign the split methyl peak to a methyl group attached to 
the “‘ lone” double bond, #.e., to the 4-methyl group in structure (III). Now the single 
proton adjacent to this methyl group in isomer B (Hg) shows a quartet splitting, while 
in isomer A, a similar proton (H,,)) adjacent to the 8-methyl group shows only a doublet. 
This difference is consistent with the weaker coupling across the 7,8-bond in A than across 
the 4,5-bond in B. Hence again we can equate isomer A = (II), isomer B = (III), 
and we can now proceed to assign all of the lines observed for the guaiazulene isomers in 
terms of structures (II) and (III). The assignments are listed in Table 2. The isomeric 
mixture of the 4-methylazulene complex can be treated similarly. 


TABLE 2. Proton magnetic resonance spectra of guaiazulenedi-iron pentacarbonyl isomers, 
Position 

of line Rel. 

centre * int. Components and splitting (c./sec.) Assignment 


A, 5-Isopropyl-3,8-dimethylazulenedi-iron pentacarbonyl (11) 
1 Doublet, ~8-5 Hi) (split by Hy) 
‘ 1 ?Doublet, ~1-2 () 
2 l Doublet, 2-8 + 0-1 H) (split by Hy) 
1 Doublet, 2-9 + 0-1 Hy) (split by H¢)) 
1 Doublet, 8-5 + 0-1; doublets, 1-6 + } H) (split by Hi) and by Hi) or tertiary iso- 
0-1 propyl-H?) 
~2:17 1 5 of expected septuplet, ~6-5 Tertiary isopropyl-H 
2-10 6 Single 3-CH, and 8-CH, 


° ° 
toi, s &  Doublets, each 6-7 + 0-1 2 x CH, of isopropyl group 


“2 
5-1 
‘0 
7 


3-0 


B, 7-Isopropyl-1,4-dimethylazulenedi-iron pentacarbonyl] (III) 
5-30 Doublet, ~8-9 + 0-2; quartets, ~1-4 Hy) (split by Hi.) and 4-CH;) 
-10 . a . ‘ 
1 Doabiet am + 4: } Hy) + Hy) (split each other) 
Doublet, 1-8 + 0-1 Hg) (split by Hy) or tertiary isopropyl-H) 
Doublet, 8-9 + 0-1; doublets, 2-0 +} H,) (split by Hi.) and by Hy) or tertiary iso- 
0-1 propyl-H?) 
5 of expected septuplet, ~6-7 + 0-3 Tertiary isopropyl H 
Singlet -CH, 
Doublet, 1-3 + 0-2 4-CH, (split by Hy) 
Doublet, 6-7 + 0-2 2 x CH, of isopropyl group 


wei ee 
to ao 
PAs 


* In p.p.m. on the low-field side of SiMe, as reference zero. 


The resonances of the protons in the isopropyl groups of the two guaiazulene isomers 
occur at different positions. This shift may be due to the induced magnetic moments 
associated with the metal atom and carbonyl groups. The small (0-03 p.p.m.) shift in 
the isopropyl-methy] lines in isomer A may arise from some restriction of rotation of the 
isopropyl group due to steric interaction with the iron carbonyl group, leading to slightly 
different environments for the methyl groups. This small shift is not observed in isomer B, 
but the component lines of the main isopropyl doublet appear significantly broader than 
the other lines in the spectrum; the broadening could result from incomplete averaging 
out of a small shift, owing to a partially restricted rotation of the isopropyl group. 


B. AZULENE-MANGANESE AND -MOLYBDENUM CARBONYLS 
(1) Manganese.—Prolonged reaction of azulenes with manganese carbonyl gives 
compounds of stoicheiometry [A],Mn,(CO),, which are very hard to purify. The azulene 


11 Jackman, personal communication. 
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compound is diamagnetic and air-stable; it is soluble in most organic solvents but its 
solutions slowly decompose, even in the dark, regenerating azulene. The most reasonable 
structure is (IV). As with other complex carbonyls containing metal-metal bonds, 
treatment of the compounds with halogens and with sodium amalgam in tetrahydrofuran 
causes Cleavage, giving the tricarbony] halides and the sodium salt of the azulenemanganese 
tricarbonyl, respectively. 

We have been unable to obtain well-resolved nuclear magnetic resonance spectra of 
the manganese compounds, presumably owing to their instability in solution, which 
quickly produces traces of paramagnetic material. The spectra are consistent with 
structure (IV). 

(2) Molybdenum.—Reaction of molybdenum hexacarbonyl with azulene, guaiazulene, 
and 4,6,8-trimethylazulene has produced crystalline compounds of the unexpected 
stoicheiometry [A]Mo,(CO),. These complexes are all very dark red, almost black, 





(IV) 


insoluble in non-polar solvents, and only sparingly soluble in chloroform (~0-3% for the 
azulene compound), tetrahydrofuran, and acetic acid, and give dark red solutions. The 
compounds may be stored indefinitely, but their solutions decomposed slowly in air and 
light and gave almost quantitative yields of the azulene. The hydrocarbon was also 
regenerated above ca. 150°; it has been impossible to obtain infrared spectra for these 
compounds except in the region 2100—1700 cm. (Table 1) because of their low solubility 
and opacity when in the form of mulls or potassium halide discs. 

The azulene compound was first thought to be paramagnetic ** on the basis of solid- 
state bulk susceptibility measurement. However, determination of the susceptibility 
in solution by the very sensitive nuclear magnetic resonance method,” and bulk suscep- 
tibility measurement of the guaiazulene compound, indicated diamagnetism in both 
cases. After very careful purification, the azulene complex was therefore re-measured 
and found to be diamagnetic in the solid state; the previous result was undoubtedly due 
to magnetic contaminant in the compound, which is very difficult to purify by crystal- 
lisation because of its low solubility. 

Two types of structure, (Va and b), are again possible for these compounds, and their 


I Mo 
g | / |S 
co co co co 
co Cc 





(Vb) 


low solubility makes it impossible to decide by dipole-moment measurements whether the 


Mo(CO), groups are cis or trans. 
Since azulene has only ten x-electrons, it is impossible for both metal atoms in form (Va) 
Evans, J., 1959, 2003. 
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to possess a formal inert-gas structure. Thus the metal atom bound to the five-membered 
ring, which can be considered to be a four-n-electron donor, has only sixteen electrons in 
the valency shell. However, if the bonds at this molybdenum atom are trigonal bi- 
pyramidal (or approximately so) using dsp* hybrid bonds, then there could well be sufficient 
separation between the remaining d-orbitals for a lower group of three to be occupied by 
the six valency electrons, and this would lead to diamagnetism. There does not appear 
to be any other known example where molybdenum(0) gives trigonal bipyramidal molecules 
with strong field ligands. The present case can be conceived to arise because of steric 
factors due to cis-bonding of the metal carbonyl groups (by analogy with the iron 
compounds). If the molybdenum carbonyl groups are in the ¢rans-position, it is not 
apparent why an Mo(CO), group could not be bound to the five-membered ring. Inspec- 
tion of a model shows that with cis-bonding attachment of an Mo(CO), group to the five- 
membered ring would be very difficult to achieve. 

In form (Vb), involving a metal-metal dative bond, both molybdenum atoms attain 
an inert-gas configuration, and the metal atom bound to the seven-membered ring would 
have a formal co-ordination number of seven. 


EXPERIMENTAL 


Microanalyses and molecular weights (ebullioscopic in benzene) are by the Microanalytical 
Laboratory, Imperial College. 
Interaction of Iron Carbonyl and Azulenes.—For products see Table 3. Azulene (0-45 g.) 


TABLE 3. Analyses and molecular weights. 
Required (%) 

O Metal M 
21-1 29-3 379 
19-0 422 

28-4 
17-8 249 450 
23-1 
18-0 
15-5 
19-7 
18-1 


17-2 


Compound 
Fe,(CO), azulene 
Fe,(CO), 4,6,8-trimethylazulene 
Fe,(CO), 4-methylazulene 
Fe,(CO), guaiazulene 
Fe,(CO),, diazulene 
Mn,(CO), diazulene .................000. 
Mn,(CO), di-(4,6,8-trimethylazulene) 
Mo,(CO), azulene 
Mo,(CO), 4,6,8-trimethylazulene 
Mo,(CO), guaiazulene 


nr <1 =) 


395 
400 


— bo 
m bo 


440 
1050 
500 
630 
510 
545 
550 45-1 


~ 
Cc 
7-9 
1-5 
9-2 
3-3 
4-0 
8-6 
0-2 
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and an excess of iron pentacarbonyl (10 ml.) were heated at 100° for 5 days in light petroleum 
(b. p. 100—120°) (50 ml.). After removal of the solvent and excess of carbonyl at 20°/0-2 mm., 
the residue was extracted with boiling light petroleum (b. p. 40—60°) (100 ml.). Successive 
removal of quantities of solvent from the filtered petroleum extract and slow cooling to — 20° 
gave crops of azulenedi-iron pentacarbonyl (0-21 g.). The residue remaining after extraction 
of this compound was washed with light petroleum and extracted with chloroform (2 x 50 ml.); 
addition of light petroleum to the extract precipitated light brown crystals of the compound, 
(CyoH,).Fes(CO),s. 

The 1,3-dideuteroazulene compound, C,,H,D,Fe,(CO),, was prepared in a similar way from 
1,3-dideuteroazulene; '* similarly were prepared the 4,6,8-trimethylazulene, 4-methylazulene, 
and guaiazulene compounds, which were purified by crystallisation and chromatography on a 
20-cm. alumina column. 

The compounds were also prepared from iron dodecacarbonyl, the reaction times necessary 
being shorter (ca. 2 days). 

Separation of the Guaiazuleneiron Carbonyl Isomers.—The mixture (300 mg.) was placed on 
a 90 x 3.cm. column of alumina (Brockmann grade 2) and eluted with 1:4 chloroform-light 
petroleum for 4hr. Clean separation was obtained and the two isomers appeared to be present 
in approximately equal quantities in agreement with the estimate from nuclear magnetic 
resonance spectra. The first fraction is referred to as isomer A; the later isomer is called B. 


13 Bauder and Gunthard, Helv. Chim. Acta, 1958, 41, 889. 
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Under the same conditions little, if any, separation of the 4-methylazuleneiron carbonyl 
complex was obtained. 

Interaction of Manganese Carbonyl and Azulenes.—Azulene (0-3 g.) and the carbonyl (1-0 g.) 
were heated for 36 hr. under reflux in light petroleum (b. p. 100—120°) (30.c.c.). After removal 
of solvent at 60°/0-1 mm. and unchanged carbonyl and azulene, extraction of the residue with 
light petroleum (b. p. 60—80°) followed by chromatography in nitrogen on alumina and 
crystallisation afforded diazulenedimanganese hexacarbonyl (0-04 g.) (see Table 3). Ina similar 
manner di-(4,6,8-trimethylazulene)dimanganese hexacarbonyl was prepared. 

Interaction of Molybdenum Carbonyl and Azulenes.—Azulene (0-4 g.) and excess of carbonyl 
were refluxed for 15 hr. in light petroleum (b. p. 100—120°) (50 c.c.). Removal of solvent at 
20°/0-5 mm. and unchanged carbonyl at 60°/0:2 mm. gave a black solid, which was washed 
with light petroleum (4 x 20 c.c.) and extracted with chloroform (2 x 50c.c.). At —20°, the 
filtered chloroform extracts gave azulenedimolybdenum hexacarbonyl (see Table 3) (0-17 g.) as 
fine black crystals. 

Similar preparations gave guaiazulene- and 4,6,8-trimethylazulene-dimolybdenum hexa- 
carbonyl. 

Decomposition of Azulenedimolybdenum Hexacarbonyl.—The complex (0-03 g.) was dissolved 
in chloroform (15 ml.) and left in the presence of air for 6 days. Solvent was removed at 
20°/20 mm. and the residue extracted with light petroleum. Concentration of the extracts 
followed by chromatography on alumina yielded azulene (0-0054 g., 68%, estimated spectro- 
photometrically). 

The guaiazuleneiron pentacarbonyl complex was decomposed and guaiazulene recovered 
similarly. 

Magnetic Susceptibilities—-These were measured by the Gouy method, with finely 
powdered solids, at 298—100° k and with two field strengths. 

Absorption Spectra.—Measurements were made with l-cm. silica cells in a Perkin-Elmer 
model 4000 spectrophotometer. 

Infrared Spectra.—Measurements were taken on a Perkin-Elmer model 21 instrument with 
calcium fluoride and sodium chloride optics. Details of the spectra of the guaiazuleneiron 
isomers are (4000—1350 cm. in CCl, with CaF,; 1350—620 cm. in CS, with NaCl): 

Isomer A: 2961s, 2920s, 2866s, 2033vs, 1985vs, 1967vs, 1664vs, 1626w, 1464s, 1455s, 
1437m, 1387s, 1368s, 1327w, 1318w, 1292m, 1286m, 1258m, 1214w, 1179m, 116lw, 1095m, 
1083m, 105l1m, 1042m, 1032m, 995m, 944m, 920w, 886m, 827s, 805m, 782w, 703m, 684m, 
628m cm.?. 

Isomer B: 2961s, 2920s, 2866s, 2032vs, 1988vs, 1966vs, 1685w, 1620w, 1462s, 1455s, 1444m, 
1386s, 1368s, 1343w, 133lw, 1302m, 1282w, 1258m, 1228m, 1179w, 116lw, 1095m, 1077m, 
1059m, 1043m, 1032m, 989m, 975w, 938w, 922w, 876m, 858m, 842m, 822m, 805w, 778w, 710s, 
679m, 650m, 628m cm."!. 

Dipole Moments.—Benzene solutions were measured at 25° + 0-1° with a heterodyne-beat 
capacitance meter similar to that described by Sutton and Hill with a modified Sayce— 
Briscoe cell.15 The dipole moments were calculated by Guggenheim’s method.'* The equation 


used was 
M 2 
si “ ; i . | (=) [‘ . * . (5 [we ‘ 2] 
d, w /w->0 Ww }w>o 


where Ae is the difference in dielectric constant of the solution, ¢,., and pure solvent, ¢,; An? is 
the difference in the squares of the refractive index of the solution, »,,*, and pure solvent, ,?, 
and w is the weight fraction of the solute. Since the azulene—iron complex is highly coloured 
and refractive-index measurements could not be made, the Guggenheim method could not be 
applied directly. However it can be shown ?? that 


An? _ d,(n,? + 2)? M,R, 
() le | ie mae = 9 


where R, is the calculated molar refractivity of the solute, R, the molar refractivity of the 
4 Sutton and Hill, J., 1953, 1482. 
15 Sayce and Briscoe, J., 1925, 127, 315. 
® Guggenheim, Trans. Faraday Soc., 1949, 45, 714; Proc. Phys. Soc., 1955, 68, B, 186. 

" Cf. Harris, Le Févre, and Sullivan, J., 1953, 1622. 
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solvent, M, and M, the molecular weights of the solute and the solvent, respectively, and d, 

the density of the solvent. The constant & is given by k = 1 — d,V, when V, (the specific 

volume of the solute) is derived from the relation V, = 5 (1 — “m, 1), d,, being the density 
1 12 

of one solution in which the solute weight fraction is w. 

The molar refractivity of the azulene complex was calculated from atomic refractivity 
values of azulene = 44-4,18 Fe = 18-55 [Fe(CO), = 41-7,1® CO = 4-63 *°]. The dipole moments 
calculated in this way involve the approximation for the atom polarisation, P,, suggested by 
Guggenheim. Since the specific volume, V,, has been determined, any other approximation 
for P, (such as Py, = 0-05Pe) can be used and the revised dipole moments calculated from the 
expression given by Smith.*4_ The dielectric constant of benzene at 25° was taken as 2-2727. 


R, = 26-18; ® R, — 104-6; V, — 0-540 ml./g. 


WP eisleiueiies 0-002185 0-003333 —-0-003908 + —0-004559 0005531 —-0-006204 
Rig my akasiousiss 0-01214 001787  0-02214 002124 003412 «(0-035 
"die <a 5-557 5-361 5-665 4-659 6-169 5-730 
2 
(=) = 0-6143; (**) = 5-12; P, = 322-4c.c. p= 3-97 + 0-07. 
w /w—>o W /w->0d 


High-resolution Proton Magnetic Resonance Measurements.—The spectra were recorded at 
22° + 1°c at frequencies of 56-4 and 40 mc./sec. with Varian spectrometers V-4311 and 4310C 
respectively, together with the associated 12” magnet system. The samples were contained 
in Pyrex spinning tubes of 5 mm. outside diameter; a little tetramethylsilane was usually 
added to the solution as an internal reference standard. Line positions were measured by the 
conventional side-band technique. 

The parent azulenes were measured in solution in carbon tetrachloride; the iron complexes, 
which are not sufficiently soluble in this solvent, were measured in solution in chloroform, and 
some were also measured in solution in deuterochloroform or methylene chloride, to ensure that 
no lines were obscured by the single resonance line of the chloroform. 

In the following lists, the line positions in each spectrum are given in order of increasing 
field strength. The data for each line are presented in the following order: centre position of 
line, in p.p.m. and/or c./sec. on the low-field side relative to tetramethylsilane as zero; relative 
intensity; splitting in c./sec.; assignment, and source of observed splitting. The data at 40 
and 56-4 mc./sec. are in full agreement, and the differences between them are quoted only when 
they are significant, e.g., to demonstrate the occurrence of an AB pair. In all cases the values 
of the splittings, which are produced by the field-independent electron-coupled interaction, 
are the same at the two measuring frequencies. 

Azulene.® 8-20 p.p.m., two protons, each a doublet (~8°8 c./sec.) with additional structure, 
Hq) and H¢), split by H(,) and H,,) respectively, and by more distant protons; 7-81 p.p.m., one 
proton, triplet (3-7, + 0-2 c./sec.), Hi), split by Hq) and Hi); [7-49 p.p.m., part of H¢) triplet); 
7:28 p.p.m., two protons, each a doublet (3-9 + 0-2 c./sec.), Ha, and Hi), each split by H,); 
approx. 7-3, p.p.m., one proton, complex triplet (~9-5 c./sec.), Hi) split by H;,) and Hi); ~7-03 
p.p.m., two protons, complex doublet (~8-8 c./sec.), doublet (~9-5 c./sec.), Hi) and Hy, each 
split by Hy) and by Hq) and Hg) respectively (the inner components of the lines at 7-3, and 7-0, 
overlap to give a line at 7-18 p.p.m.). 

1,3-Dideuteroazulene. 8-20 p.p.m., as for azulene (although not identical), Hy) +- H¢); 
7:78 p.p.m., one proton, singlet (width = 2 c./sec.), Hi); 7-49 p.p.m., part of Hy) triplet; 
remainder of spectrum (H,;), Hj), Hq) as for azulene. 

4,6,8-Trimethylazulene. 7-50 p.p.m., triplet (3-9 + 0-1 c./sec.), Hyg), split by Hq) and Hg); 
7-15 p.p.m., two protons, each a doublet (3-9 +- 0-1 c./sec.), Hq) and He), each split by H¢); 
6-75 p.p.m., two protons, singlet (2-3 c./sec. width), Hy) and Hy); 2-68 p.p.m., six 
protons, singlet, 4- and 8-methyl groups; 2-39; p.p.m., three protons, singlet, 6-methyl 
group. 

Guaiazulene (7-isopropyl-1,4-dimethylazulene). 8-07 p.p.m., one proton, doublet (1-9 + 0-2 


18 Wheland and Mann, J. Chem. Phys., 1949, 17, 264. 
1% Weiss, Z. anorg. Chem., 1956, 287, 223. 

20 Landolt—Bérnstein, ‘‘ Tabellen,’”’ 1923, Vol. IT. 

*! Smith, Trans. Faraday Soc., 1950, 46, 394. 
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c./sec.), Hi) split by Hg); 7-50 p.p.m., one proton, doublet (3-9 + 0-2 c./sec.), Hi) split by Hy); 
7-20 p.p.m., one proton, doublet (11-2 + 0-3), doublet (1-8 + 0-3 c./sec.), Hg) split by Hg) and 
by Hg); 7:06 p.p.m., one proton, doublet (~3-9 c./sec.), Hig) split by Hg); 6-79 p.p.m., one 
proton, doublet (11-2 + 0-3 c./sec.), Hi) split by Hy); 2-97 p.p.m., one proton, five components 
of expected septuplet (6-8 + 0-2 c./sec.), tertiary isopropyl proton, split by the six protons of 
isopropyl methyl groups; 2-71 p.p.m., three protons, singlet, (?) 4-methyl group; 2-63 p.p.m., 
three protons, singlet, (?) l-methyl group; 1-31 p.p.m., six protons, each a doublet (6-8 + 0-2 
c./sec.), isopropyl methyl groups, split by tertiary proton. 

4-Methylazulene. 8-10 p.p.m., one proton, doublet (9-0 + 0-3 c./sec.) with additional 
structure, H;,) split by Hy) and by more distant protons; 7-70 p.p.m., one proton, triplet 
(3-9 + 0-2 c./sec.), Hi,, split by Hy) and Hig); 7-23 p.p.m., two protons, each a doublet (3-8 + 0-2 
c./sec.), Hy) and H,,), each split by Hi,); remaining lines in this band (not assigned) at 7-10 p.p.m., 
(? doublet, 1-7 c./sec.), 6-96, 6-92, 6-82, 6-75 (? doublet, 1-5 c./sec.) and 6-64 p.p.m., from Hs), Hye, 
and H,,); 2-69 p.p.m., three protons, singlet, 4-methyl group. 

Azulenedi-iron pentacarbonyl. Band centred at ~5-36 p.p.m., ~two protons, structure 
complex, ? H;;, and Hi); band centred ~5-08 p.p.m., ~three protons, structure complex, 
? Hy), Hg, and Hy; 4-76 p.p.m., one proton, doublet (5-8 + 0-3 c./sec.), doublet (1-4 + 0-2 
c./sec.), probably H;.) split by Hi) and by (?) Hg); 3-70 p.p.m., one proton, “‘ triplet ” (2-1 + 0-3 
c./sec.), H,,) split by Hy) and Hy); 3-48 p.p.m., one proton, “ triplet ’’ (~8-7 c./sec.), H@), 
split by Hi) and Hq). 

1,3-Dideuteroazulenedi-ivon pentacarbonyl. Band centred at ~5-34 p.p.m., ~two protons, 
complex, ? Hy) and H,,); band centred ~5-1 p.p.m., ~two protons, ? H,,) (at ~5-06 p.p.m.) 
and Hq); 4:77 p.p.m., one proton, doublet (5-8 + 0-3 c./sec.), doublet (1-4 + 0-2 c./sec.), 
probably H¢,) split by Hy.) and by (?) H@); 3-46 p.p.m., one proton, “ triplet ’’ (~8-5 c./sec.), 
He); split by Hs) and Hq). 

4,6,8-Trimethylazulenedi-iron pentacarbonyl. Band at ~5-2 p.p.m., (line positions 5-23, 
5-20, 5-18, 5-13,, 5-06,, 5-02,), four protons, complex, represents Hi), Hi), Hy), and Hy); 3°85 
p.p-m., one proton, doublet (2-9 + 0-1 c./sec.), doublet (1-9 + 0-1 c./sec.), Hq) split by Hg) 
and Hi); 2-09, p.p.m., three protons, singlet, 8-methyl group; 1-76 p.p.m., three protons, 
singlet, 6-methyl group; 1-61, p.p.m., three protons, each a doublet (1-4 + 0-2 c./sec.), 4-methyl 
group split by H¢). 

4-Methylazulenedi-ivon pentacarbonyl. (The intensities are assigned for a mixture of two 
isomers in approximately equimolar amounts. The positions around the azulene rings in 
these isomers are specified by the numbering shown in III.) Low-field band (line positions 
5-45, 5-30, 5-27, 5-12, 5-08, 5-02, 4-97, 4:85, 4-76,, 4-63 p.p.m.), ~ten protons at positions 
2, 3, 5, 7, and 8 in the 4-methyl isomer, and 2, 3, 4, 5, and 7 in the 8-methyl isomer; 3-87 p.p.m., 
one proton, “triplet” (2-2 + 0-2 c./sec.), Hq) in one isomer, split by Hi) and Hyg); 3-66 p.p.m., 
one proton, doublet (2-8 + 0-2 c./sec.), doublet (1-8 + 0-2 c./sec.), Hq in other isomer, split 
by Hi) and Hy); 3-38 p.p.m., one proton, “‘ triplet ’’ (~7-9 + 0-3 c./sec.), doublet (1-4 + 0-2 
c./sec.), H¢) of one isomer, split by H,,) and H;,) and by another proton (? Hi or Hg); 3-24 p.p.m., 
one proton, “‘ triplet ’’ (~7-2 + 0-3 c./sec.), doublet (1-7 + 0-2 c./sec.), Hig of other isomer; 2-11 
p.p.m., three protons, singlet, 8-methyl group in 8-methyl isomer; 1-58 p.p.m., three protons, 
each a doublet (1-3 + 0-1 c./sec.), 4-methyl group in 4-methyl isomer, split by Hi). 

Assignments of Nuclear Magnetic Resonance Spectra.—The arguments for the assignments 
are as follows: 

The resonances of some of the ring protons in the azuleneiron complexes occur at higher 
fields than others, and measurements of the relative areas under the peaks show that the 
higher-field lines at ca. 3-5 p.p.m. represent two of the eight ring protons in C,)H,Fe,(CO), 
and only one proton in C,,H,D,Fe,(CO), and in the 4,6,8-trimethyl derivative. Hence the two 
proton resonances at the higher field in C,,H,Fe,(CO), are due to protons in different rings, one 
being either H,,) or Hig) and the other one of Hy), Hi), or Hy). In the 4,6,8-trimethyl compound, 
the line at 3-85 p.p.m. assigned to H,,) (or Hi) appears as a double doublet, presumably owing 
to electron-coupled spin-spin interaction in the five-membered ring, first, with H,,) and then 
with H,,) (or Hy) which is not equivalent to H,,) (or Hy). The “ high-field ”’ proton from the 
seven-membered ring is best assigned as H 4), the line being split into a triplet by coupling (not 
necessarily equally) with the protons H,,, and Hy). The higher-field band (ca. 3-5 p.p.m.) in 
C,,9H,Fe,(CO), appears to be a superposition of the double doublet and broader triplet lines. 

The difference between the spectra of the conipounds C,,H,Fe,(CO), and C,)H,D,Fe,(CO), 
62z 
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shows that H,,) is centred at ca. 5-04 p.p.m. The proton resonances of H(,) and H,) must be 
split by Hi.) and also by Hi) and H¢) respectively (as observed in the parent hydrocarbons), 
but the combination of several shifts and splittings makes the spectrum complicated. However, 
the double doublet observed at ca. 4-77 p.p.m., which represents a single proton, appears to be 
a chemically shifted proton; this probably implies that at least one of the protons of the 4,8- 
or 5,7-pair is not equivalent to the other proton of the pair. 

Since the positions of the H,,) and H,,) resonances in the parent hydrocarbons are shifted 
on introduction of methyl substituents into the ring, we cannot assign Hi,;) and Hy) of 
C,>H,Fe,(CO),; by direct comparison with the spectrum of the 4,6,8-trimethylazuleneiron 
complex. The latter does show, however, that the 4- and the 8-methyl group are not equivalent 
since three chemically shifted methyl peaks are observed. In addition, only one of the three peaks 
shows a doublet structure, which may result from a coupling to a single ring proton, probably 

- Hy) or Hy. Comparison of the 4,6,8-trimethyl- with the 4-methyl-azulene complex suggests 
that the doublet can be assigned to the 4- or the 8-methyl group. Thus the spectra of the 
above three azulene complexes confirm the non-equivalence of the 4,8- and 5,7-positions. 

The lines in the spectra of the alkyl derivatives can be assigned as follows. in the spectrum 
of the 4-methylazulene compound there are two methyl peaks, a singlet at 2-11 p.p.m. and a 
doublet at 1-58 p.p.m.; these positions correspond to two of the three methyl-group resonances 
observed in the 4,6,8-trimethylazulene derivative. Guaiazulene isomer A has a singlet methyl 
resonance at 2-1 p.p.m., and isomer B appears to have a doublet methyl peak at 1-5 p.p.m. 
(partly obscured by the isopropyl-methyl resonances). Thus all the compounds show similar 
and distinguishable lines for methyl groups in the 4- or 8-position. Both of these lines occur 
with the 4,6,8-trimethyl derivative but only one of them occurs with guaiazulene isomer A, 
and only the other in isomer B. The presence of the same two lines in the 4-methylazulene 
compound indicates an isomeric mixture, and a similar duplication of other lines (see below) 
supports this interpretation. 

The doublet structure on the methyl peak in all the methyl complexes at ca. 1-5—1-6 p.p.m. 
is field-independent and presumably therefore represents an electron-coupled spin-spin inter- 
action with a single ring proton, probably that adjacent on the seven-membered ring. The 
6-methyl group in the 4,6,8-trimethylazulene complex gives a singlet at 1-76 p.p.m. and the 
peak for the methyl group on the five-membered ring in the guaiazulene compounds occurs at 
1-53 p.p.m. with isomer B and is coincident with the other methyl resonance at 2-10 p.p.m. for A. 

The remaining high-field lines in the spectra of isomers A and B appear to have the features 
normally found in an isopropyl group although the lines are at different positions for the two 
isomers. For B, the doublet methyl resonance (intensity 6, splitting 6-7 c./sec.) is centred at 
1-41, p.p.m., being partly obscured by the other methyl peaks, and the resonance of the tertiary 
isopropyl-proton is centred at 2-63 p.p.m. (only five of the expected seven components, splitting 
ca. 6-7 c./sec., could be clearly observed, probably since the outer components are too weak). 
The resonance for the tertiary proton in isomer A appears to be centred at ca. 2-17 p.p.m. 
where it is partially obscured. The doublet (splitting 6-7 c./sec.) methyl resonance is centred 
at 0-942 and 0-911 p.p.m., showing a smaller doublet structure which, in contrast to the main 
splitting, is field-dependent and must represent a small chemical shift. For the guaiazulene 
and 4-methylazulene compounds, the lines which can be assigned to the Hi) and Hy) or Hy) 
occur at markedly higher fields than those of the remaining ring protons. The double doublet 
at 3-24 p.p.m. for isomer B is assigned to Hg), the large splitting (8-9 c./sec.) being produced by 
the adjacent proton and the smaller splitting by a more distant proton. In the 4-methyl- 
azulene mixture, where there are adjacent protons on both sides, Hj) appears to show a main 
splitting into a triplet.* 

Guaiazulene isomer A also shows a doublet line at 3-74 p.p.m. which is absent in isomer B. 
This line must represent the proton H,,) or Hi) (split into a doublet by H,,)) which is moved up 
field (cf. ref. 3). For isomer B, this particular position on the five-membered ring must be 
blocked by the methyl group. 

As mentioned above, the Hy) or Hy) resonance in the 4,6,8-trimethylazulene derivative 
occurs at 3-84, p.p.m. as a double doublet, and the two lines at 3-87 (triple) and 3-66 p.p.m. 
(double doublet) in the 4-methylazulene isomeric mixture can be assigned similarly, one to 


* The observed quartet could result from partial overlapping of two such triplets, one from each 
isomer. In agreement, the separation between the two middle peaks of the quartet is a chemical shift. 
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Hq) or H¢) in one isomer, and one to the same position in the other isomer, the structure in each 
case arising from coupling with the other two protons on the five-membered ring. 

The symmetrical group of four lines in guaiazulene isomer B, which is centred at 5-03 p.p.m., 
represents the other two protons on the five-membered ring. The proton adjacent to Cy) 
appears to be centred at 5-3 p.p.m. and shows a main doublet splitting by H¢) of ca. 9 c./sec.; 
jin addition, each doublet component shows fine structure, apparently a quartet, which would 
arise from a splitting by the three equivalent protons of the adjacent methyl group. The 
remaining doublet at 4-67 p.p.m. is assigned to the remaining proton at the 4- or 8-position 
split by either H¢) or the tertiary proton of the isopropyl group. 

For isomer A, the doublet at 5-02 p.p.m. represents H,,), the splitting (2-8 c./sec.) being the 
same as that of the doublet (Hq) or H,,)) at 3-74 p.p.m. The proton adjacent to Cy) is a doublet 
(splitting ca. 8-5 c./sec.) centred at 5-21 p.p.m. and the remaining proton, on C,) or C,,), at ca. 
5-19 p.p.m. 

For the other azulene iron complexes it is difficult to make unambiguous assignment of the 
remaining low-field lines since there is an intricate combination of overlapping shifts and 
splittings. 
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839. Triterpenoids in the Bark of Mountain Ash (Sorbus 
aucuparia L.). 


By WILLIAM LAwriE, JOHN McLEAN, and G. R. TAYLoR. 


A petroleum extract of the bark of mountain ash (Sorbus aucuparia L.) has 
yielded lupeol and betulin. From an ether extract of the defatted bark, 23- 
hydroxybetulin has been isolated. 


THE bark of the mountain ash or rowan tree (Sorbus aucuparia L.) was examined by 
Danoff and Zellner ! who reported the isolation, from a petroleum extract, of ceryl alcohol 
and a triterpenoid compound, C,;H,,O, m. p. 193°, which they designated sorbikortol I (no 
rotation was quoted). Subsequent extraction with ether, followed by saponification of the 
extract, produced a second substance sorbikortol II, m. p. 263°, {«],, —28-9°, which was 
recognised as an alcohol though crystalline derivatives could not be prepared. 

We have examined the extracts of the bark from mountain ash and find that the 
petroleum extract, when saponified, gives a mixture of alcohols which crystallise from 
ethyl acetate to give an impure alcohol, m. p. 185—194°, that probably corresponds to 
sorbikortol I. Acetylation of this mixture followed by chromatography gave lupenyl 
acetate, identified by mixed m. p. and infrared comparison with an authentic specimen. 
The constituents of the non-saponifiable fraction were also separated by chromatography 
on alumina, the early fractions from the column yielding lupenyl acetate on acetylation. 
Development of the column gave an aliphatic alcohol (probably ceryl alcohol), 8-sitosterol, 
and betulin, the last being converted into its diacetate which was identical with an authentic 
specimen. We were unable to isolate a pure compound corresponding to sorbikortol I and 
we suggest that sorbikortol I was in fact a mixture consisting of lupeol and betulin. 

The defatted bark was then extracted with ether, and the extract saponified. The 
neutral non-saponifiable material, which was only sparingly soluble in non-polar solvents, 


1 Danoff and Zellner, Monatsh., 1932, 59, 307. 
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was purified by dissolving it in ether containing methanol (1%) and filtering the solution 
through alumina. Purification of the main fraction from the column afforded a com- 
pound, m. p. 259—260°, [a],, +24-6° (cf. sorbikortol II, m. p. 263°, {«],, —28-9°, Danoff and 
Zellner'). The compound gave a typical reaction for a pentacyclic triterpene in the 
Liebermann-—Burchard test and showed a strong absorption band at 3278 cm. (OH) and 
bands of medium intensity at 1642 and 880 cm. (vinylidene group). The constants of 
the compound resembled those of betulin? (I; R = Me), m. p. 261°, {aJ,, +21°, but on 
admixture with betulin a large depression in melting point was observed. Acetylation of 
the compound failed to give a crystalline derivative but the resinous product showed 
strong acetate absorption in the infrared region and no hydroxyl absorption. Hydrolysis 
of the resinous acetate regenerated the original alcohol. Attempts to form crystalline 
derivatives of the alcohol with benzoyl chloride and with 3,5-dinitrobenzoyl chloride were 
equally unsuccessful. 

Analysis of the alcohol suggested the molecular formula, C,,H;,0,. The presence of a 
double bond was confirmed by low-intensity absorption at 2040 A and also by a yellow 
coloration with tetranitromethane. 

Hydrogenation of the alcohol gave a fully saturated dihydro-derivative, C39H;,0,. 
This, like the parent, failed to form a crystalline acetyl derivative, but it yielded a 
crystalline isopropylidene derivative showing infrared bands at 1171, 1112, 1068, and 
864 cm."! (isopropylidenedioxy *) and a band at 3390 cm. (OH). The dihydro-compound, 
and its parent, therefore contain three hydroxyl groups, two of them in close proximity. 

Treatment of the naturally occurring unsaturated triol, which we shall show to be 
(1; R = CH,°OH), with ethanolic hydrogen chloride produced an isomeric but saturated 
diol (Il; R = CH,°OH), transparent to ultraviolet light and giving no colour with tetra- 
nitromethane. This new diol (II; R = CH,*OH) formed a crystalline diacetate which 
did not show a hydroxyl band in the infrared spectrum; consequently, protonation of the 
triol has resulted in a rearrangement involving the double bond and one hydroxyl group. 
This suggested a rearrangement of the betulin—allobetulin type,* which was confirmed by 
the close correspondence of the infrared spectrum of the diol (II; R = CH,°OH) with that 
of allobetulin (II; R= Me). The similarity between the triol (I; R = CH,°OH) and 
betulin (I; R = CHg,) was further demonstrated by treatment of the triol with formic acid, 
a saturated diformate being obtained which gave the diol (II; R = CH,°OH) on hydrolysis. 
Under similar conditions betulin (I; R = Me) is converted into allobetulin formate and 
allobetulin (II; R = Me).4 

The saturated diol (II; R = CH,°OH) readily formed crystalline benzylidene and 
ethylidene derivatives, but the isopropylidene derivative was less stable and decomposed 
on recrystallisation. The formation of these derivatives indicates that the vicinal 
hydroxyl groups concerned are not involved in the allomerisation, and if we assume that 
one of these is at position 3, as in most naturally occurring triterpenes, then the other is 
likely to be at position 2 (cf. III), 23, or 24 (IV). However, the saturated diol did not react 
with periodic acid, hence a 1,2-glycol system is not present and structure (III) is excluded. 

The diol (II; R = CH,°OH) with chromium trioxide in pyridine gave two crystalline 
products which were separated on alumina: a norketone, C,,H,,O, (VI), having the 
carbonyl group in a six-membered ring (vmx, 1715s cm.“), formed via the 8-keto-acid (V); 
and a hydroxy-aldehyde (VII; R = H) (vmx, 3340, 1738, and 2660 cm.-'), whose acetate 
(VII; R = Ac) was reduced under Huang-Minlon ° conditions to allobetulin (II; R = Me), 
identified by comparison with an authentic specimen and as its acetate. 

The conversion of the triol (I; R = CH,°OH) into allobetulin fixes the position of the 
3- and 28-hydroxyl groups. No decision regarding the configuration of the 3-hydroxyl 


* Elsevier’s “‘ Encyclopaedia of Organic Chemistry,’’ Vol. XIV, pp. 568, 1133s. 
3 Smith, Smith, and Spring, Tetrahedron, 1958, 4, 127. 

* Schulze and Pieroh, Ber., 1922, 55, 2332. 

5 Huang-Minlon, J]. Amer. Chem. Soc., 1949, 71, 3301. 
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up could be taken at this stage as the strongly alkaline conditions employed in the con- 
version of the aldehyde (VII; R = Ac) into allobetulin would inevitably lead to an alcohol 
having the more stable (38) configuration.* Since the third hydroxyl group is at position 
23 or 24 (see above), the triol has one of the partial structures (VIII)—(XI). Structure 
(XI) can be excluded since the 3- and 4-substituents are ‘vans and diaxial and would there- 
fore not be expected to form condensation products of this type.? To reach a final 
decision we compared infrared data obtained from the hydroxyallobetulin (II; R= 
CH,*OH) with data from diols of known configuration in ring A. Cole and Miiller ® showed, 
from the infrared absorption of a number of 3-hydroxy-4-hydroxymethyl-triterpenoids in 
the 2-5—3 u region, that diols having diaxial groups (type XI) do not show hydrogen- 
bonding, whereas when the groups are both equatorial (type VIII) or one group is axial and 
one equatorial (type X), there is intramolecular hydrogen bonding whose strength depends 
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on the stereochemistry of the groups involved. Our measurements (cm.“) (made with 
carbon tetrachloride solution and a calcium fluoride prism) are summarised in the Table. 
They confirm that the 3«,24-diols (diaxial; type XI) do not show a band due to hydrogen 
bonding; a 36,24-diol (equatorial : axial; type X) shows a very weak band at 3575 cm.1, 
whereas a 36,23-diol (diequatorial; type VIII) shows a band due to hydrogen bonding at 
3603 cm.“ which has an intensity similar to that of the free hydroxyl band. Unfortunately 
a sample of a 3«,23-diol (type IX) was not available but as this is an axial-equatorial diol, 





Compound Free OH Bonded OH 
Urs-12-en-3a,24-diol (type (XI) ...........ccceceeeeseees 3738 —_ 
Olean-12-en-3a,24-diol (type XI) ......... bak 3738 —_ 
Olean-12-en-38,24-diol (type X) ....... + 3738 3575w 
Methyl] hederagenin ® (type VIII) 3738 3603 
Hydroxyallobetulin (II, R = CH,OH) ...............cseeeeees 3738 3603 


one would expect its hydrogen-bonding characteristics to resemble those of a diol of type 
(X) (an equatorial-axial diol). The very striking similarlity in the absorption charac- 
teristics in this region of the spectrum of hydroxyallobetulin and methyl hederagenin 
(type VIII) leads us to conclude that the former is also a 38,23-diol; the parent triol is 
therefore 23-hydroxybetulin. 

While the melting points of sorbikortol II and 23-hydroxybetulin are in agreement, and 
the compounds resemble each other in that neither forms a crystalline acetate or benzoate, 

® Ruzicka and Wirz, Helv. Chim. Acta, 1939, 22, 948; 1940, 23, 132. 

? Beton, Halsall, and Jones, J., 1956, 2904. 


® Cole and Miller, J., 1959, 1224. 
* Ruzicka, Bischof, Taylor, Meyer, and Jeger, Coll. Czech. Chem, Comm., 1950, 15, 893, 
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the rotation quoted by Danoff and Zellner,} [a),, —28-9°, is of the same magnitude as that 
given by 23-hydroxybetulin, {«),, +24-6°, but of opposite sign (possibly by a misprint). 


EXPERIMENTAL 

Rotations were determined for CHC], solutions at room temperature unless otherwise stated, 
Ultraviolet spectra were determined for EtOH solutions. Infrared spectra were determined 
with a Grubb-Parsons double-beam spectrophotometer, for Nujol mulls unless otherwise 
stated. Light petroleum refers to the fraction of b. p. 60—80°. 

Light-petroleum Extraction of Bark.—Dry crushed bark (10 lb.) of mountain ash was extracted 
continuously with light petroleum for 15 hr. and the extract (100 g.) was hydrolysed by refluxing 
with benzene (250 ml.) and potassium hydroxide (60 g.) in methanol (350 ml.)._ Working up in 
the usual way through ether gave the non-saponifiable matter (80 g.), a portion of which (10 g.) 
was chromatographed on alumina (400 g.) from light petroleum—benzene (1:1). Development 
of the column was with benzene, benzene-ether, ether, and ether—methanol, 80 fractions 
(each 150 ml.) being collected; no appreciable elution occurred until ether was used. 

Lupenyl Acetate.—Fractions 25—27, eluted with ether, were acetylated in pyridine—acetic 
anhydride on the steam-bath for 1 hr. and worked up through ether. Three crystallisations of 
the product from chloroform—methanol gave lupenyl acetate (1 g.), needles, m. p. 216°, {a}, 
+43-2°, identified by mixed m. p. and infrared comparison with an authentic specimen. The 
mother-liquors yielded a further quantity (0-7 g.) of lupenyl acetate. 

Ceryl Alcohol.—Fractions 28—30, eluted with ether, gave an aliphatic alcohol, m. p. 72—73°, 
probably ceryl alcohol. 

B-Sitosteryl Acetate-—Fractions 31—33, eluted with ether, were evaporated and the residue 
crystallised from ethanol. The first crop (0-09 g.) consisted of ceryl alcohol; the mother- 
liquor deposited impure £-sitosterol (0-8 g.), m. p. 120—130°. Acetylation in pyridine—acetic 
anhydride and working up as usual gave 8-sitosteryl acetate (0-8 g.) as blades (from chloroform- 
methanol), m. p. and mixed m. p. 127—128°, {a],, —36°. Infrared comparison with an authentic 
sample confirmed the identity. 

Betulin Diacetate.—Fractions 34—50, eluted with ether containing 0-5% of methanol, gave 
first crops of material melting in the range 130—138°. These were combined and recrystallised, 
an additional crop of §-sitosterol (0-9 g.) being obtained. The mother-liquor was taken 
to dryness in a vacuum, and the residue (1-1 g.) acetylated with pyridine—acetic anhydride. 
Working up through ether gave crude acetates (1-2 g.) which were chromatographed on alumina 
(30 g.) from benzene-light petroleum (1:2). Elution with benzene—petroleum (2:1) gave 
betulin diacetate (0-4 g.) as needles (from chloroform—methanol), m. p. 223—224°, [a], + 22°. 

Examination of Non-saponifiable Matter by Danoff and Zellner’s Procedure..—The non- 
saponifiable fraction (70 g.) was dissolved in ethyl acetate (200 ml.) and left for 4 days. The 
crystals (15-1 g.) which separated had m. p. 185—194° (m. p. 194° is recorded ! for sorbikortol I). 
Crystallisation of the solid (15-1 g.) from benzene (100 ml.) gave material (7 g.), m. p. 100—130°, 
which was acetylated in the usual manner and chromatographed on alumina to give £-sitosteryl 
acetate (1-4 g.), m. p. and mixed m. p. 127—128°, [a], —35°. The benzene mother-liquors were 
evaporated under a vacuum to an oil (5-5 g.) which was chromatographed on alumina (150 g.). 
Elution with benzene-light petroleum (1 : 3) gave lupenyl acetate (0-4 g.), m. p. 216°, [a], +44°, 
identified as above. Continued elution with the same solvent mixture gave betulin diacetate 
(0-93 g.), m. p. 223—224°, [a],, + 23°, identified as above. 

The non-saponifiable fraction which was soluble in ethyl acetate was recovered by evapor- 
ation and a portion (30 g.) in benzene-light petroleum (2: 1) was chromatographed on alumina 
(1 kg.). Elution with benzene (2 1.), benzene-ether mixtures (8 1.), and ether (9 1.) produced 
only intractable material (5-2 g.). Elution with 99: 1 ether-methanol (1-2 1.) afforded a fraction 
(12-3 g.) which crystallised from chloroform—methanol to give cery] alcohol (7-5 g.), m. p. 74— 
75°. Further elution with ether-methanol (99:1; 800 ml.) and crystallisation of the eluted 
material (3-8 g.) from chloroform—methanol gave §-sitosterol, as plates, m. p. and mixed m. p. 
134—135°, [a], —34°. The mother-liquors from which §-sitosterol had separated were combined 
with those from the crystallisation of ceryl alcohol (above), and evaporated. The residue 
(6-2 g.) was treated with acetic anhydride in pyridine, and a solution of the dry acetylated 
product in benzene-—light petroleum (1 : 4) was chromatographed on alumina (180 g.). Elution 
with the same solvent gave lupeny] acetate (1-4 g.) as needles (from chloroform—methanol), m. p. 
and mixed m. p. 215—216°, [aj,, +41°. 
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Ether-extrastion of Bark.—Mountain ash bark (4 lb.) which had been defatted with light 
petroleum was extracted continously with ether for 24 hr. Removal of the solvent left an 
extract (80 g.) which was hydrolysed by refluxing 6% methanolic potassium hydroxide (1-5 1.). 
Working up through ether gave the non-saponifiable material (14 g.). 

23-Hydroxybetulin.—The non-saponifiable matter (7-3 g.) was chromatographed in 99: 1 
ether-methanol on alumina (200 g.). Elution with ether—-methanol (1-2 1.) yielded fractions 
(2-4 g.) which were bulked and crystallised from ethyl acetate-methanol to give needles, m. p. 
246—258°, [a],, +22-1°, showing strong infrared hydroxyl absorption (3278 cm.). Acetylation 
of the alcohol in pyridine—acetic anhydride on the steam-bath (1 hr.) and working up through 
ether gave a resinous acetate in which the hydroxyl absorption band had been replaced by 
acetate bands at 1740 and 1248 cm.+. This acetate (0-7 g.) in light petroleum was filtered 
through a short column of alumina, taken to dryness, and hydrolysed with methanolic potassium 
hydroxide (100 ml.) for 2-5 hr. Working up through ether and crystallisation from chloroform— 
light petroleum gave 23-hydroxybetulin as needles, m. p. 259—260°, [aj,, +24-6° (Found: C, 
78:7; H, 11-1. Cy9H;9O, requires C, 78-6; H, 11-0%). 

20,30-Dihydro-23-hydroxybetulin.—The resinous acetate (0-54 g.), obtained from 23-hydroxy- 
betulin, was hydrogenated in ether (150 ml.) containing acetic acid (25 ml.) in the presence of 
platinum oxide (0-4 g.). The resulting dihydro-acetate failed to crystallise. The resinous 
product was boiled under reflux for 1 hr. with 5% methanolic potassium hydroxide, and the 
dihydro-alcohol was isolated by means of ether. Filtration of the dried ethereal solution 
through a short column of alumina and crystallisation from ethanol—light petroleum afforded 
20,30-dihydro-23-hydroxybetulin as needles, m. p. 257—260°, {a],, —18-4° (from ethanol-chloro- 
form) (Found: C, 78-7; H, 11-5. Cz 9H,;,O, requires C, 78-2; H, 11-4%). There was no 
absorption in the ultraviolet region. Its isopropylidene derivative, prepared by means of acetone 
and concentrated hydrochloric acid (4 drops) and crystallised from aqueous acetone, decomposed 
at 147° and had [a),, —19-6° [Found: C, 75-4; H, 10-95. C,3;H;,0;,2(CH;),CO requires C, 75-9; 
H, 111%]. 

23-Hydroxyallobetulin.—(a) 23-Hydroxybetulin (0-33 g.) was refluxed in ethanol (85 ml.) and 
concentrated hydrochloric acid (15 ml.) for 5 hr. Isolation of the product through ether gave 
23-hydroxyallobetulin which crystallised from methylene chloride—acetone as plates, m. p. 
252—253°, [a], +44:3° [Found: C, 76-4; H, 10-7. C 39H; 903,(CH ;),CO requires C, 76-7; H, 
10-9%]. 

The diol (0-1 g.) was treated with benzaldehyde (15 ml.) and concentrated sulphuric acid 
(10 drops) at room temperature overnight. Treatment with sodium carbonate, followed by 
extraction with ether and evaporation under a vacuum, left an oil which was chromatographed 
in 1: 1 light petroleum—benzene on alumina (20 g.). Elution with the same solvent gave the 
benzylidene derivative as needles (from aqueous acetone), m. p. 230° (decomp.), [a], + 24° (Found: 
C, 81-3; H, 10-05. C,,H,;,0, requires C, 81-35; H, 9-95%). 

The ethylidene derivative, prepared as above by using acetaldehyde, crystallised from aqueous 
acetone as plates, m. p. 217—222°, [a], +48° (Found: C, 79-2; H, 11-1. C,,H;,0, requires C, 
79-3; H, 10-8%). 

23-Hydroxyallobetulin (0-16 g.) in ethanol (25 ml.) was recovered quantitatively after 
treatment for 24 hr. at room temperature with 15% periodic acid (1 ml.). With acetic anhyride 
in pyridine at 100° for 1 hr., it gave, after purification on alumina, the diacetate as needles (from 
chloroform—methanol), m. p. 211—212°, [a],, +68°5°, vmax. 1740 and 1248 cm.* (OAc) (Found: 
C, 75-1; H, 10-0. C,,H;,0, requires C, 75-2; H, 10-0%). 

(b) 23-Hydroxybetulin (0-19 g.) was boiled under reflux (1 hr.) with 98% formic acid (20 ml.). 
Isolation through ether and crystallisation from aqueous acetone gave 23-formyloxyallobetulin 
formate as needles, m. p. 217—218°, [a],, +62° (Found: C, 75-1; H, 10-0. C,,H,,O, requires 
C, 74-7; H, 98%). Hydrolysis of the diformate (0-3 g.) with 5% methanolic potassium 
hydroxide (100 ml.) at 100° for 1 hr. gave 23-hydroxyallobetulin as plates (from methylene 
chloride—acetone), m. p. and mixed m. p. with specimen prepared as in (a) above, 252—253°, 
fal, +44°. 

Oxidation of 23-Hydroxyallobetulin.—A solution of 23-hydroxyallobetulin (0-8 g.) in pyridine 
(50 ml.) was added to one of chromium trioxide (1-06 g.) in pyridine (60 ml.) and the whole left 
overnight, then poured into 2N-potassium hydroxide (200 ml.), extracted with ether, and worked 
up in the usual way to give a gum (0-7 g.) which was chromatographed in benzene on alumina 
(15 g.). Benzene eluted crystals (0-2 g.) which after two recrystallisations from methylene 
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chloride—light petroleum afforded 23-norallobetulone (V1), m. p. 214—215°, [aj], +84°, vos 
1715 cm.! (C=O) (Found: C, 81-2; H, 11-2. C,.H,,O, requires C, 81-6; H, 10-9%). 
Subsequent elution of the column with ether and crystallisation of the resinous eluate (0-4 g.) 
from chloroform-light petroleum gave 23-oxoallobetulin (VII) as rosettes, m. p. 243—244° 
[a], +56-5° (Found: C, 78-8; H, 10-7. C,)H,,O, requires C, 78:9; H, 10-6%). 23-Oxoallo- 
betulin (0-17 g.) in pyridine (10 ml.) with acetic anhydride (2 ml.) at 100° for 1 hr. (working up 
through ether) gave 23-oxoallobetulin acetate, plates (from chloroform—methanol), m. p. 252— 
253°, [a],, +62-7°, Vmax. 1734, 1245 (OAc) and 2800, 1718 cm. (CHO) (Found: C, 76-8; H, 9-8, 
Cy2H,;9O, requires C, 77-1; H, 10-1%). ’ 

Conversion of 23-Oxoallobetulin Acetate into Allobetulin.—23-Oxoallobetulin acetate (0-65 g.) 
in diethylene glycol (80 ml.) and 100% hydrazine hydrate (6 ml.) were heated under reflux for 
lhr. Potassium hydroxide (13 g.) in water (20 ml.) was added to the cooled solution which was 
again refluxed for 0-5 hr. and then distilled until the vapour-temperature reached 220°. The 
solution was again boiled under reflux (2-5 hr.), cooled, poured into water, and acidified with 
5Nn-hydrochloric acid. Isolation of the product through ether afforded a dark red oil (0-6 g.) 
which was chromatographed on alumina (15 g.). Elution with ether and crystallisation of the 
product from chloroform-light petroleum gave allobetulin as needles, m. p. and mixed m. p. 
267—268°, (a|,, +49° {acetate, plates (from chloroform-ethanol), m. p. and mixed m. p. 288— 
290°, [a], + 58°}. Infrared comparisons of the synthetic allobetulin and its acetate with 
authentic specimens of these showed identity. 


One of the authors (G. R. T.) thanks the Department of Scientific and Industrial Research 
for a maintenance grant. Thanks are also extended to Dr. P. Bladon for assistance with the 
infrared spectra. 
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840. Solution Properties of Anhydrdus Copper Nitrate in Ethyl 
Acetate, Methyl Cyanide, and Nitromethane. 


By C. C. Appison, B. J. HAtHAway, N. LoGaAn, and A. WALKER. 


The solubility of anhydrous copper nitrate in ethyl acetate, nitromethane, 
and methyl cyanide is compared with values for anhydrous silver and zinc 
nitrates. Molecular-weight measurements indicate that copper nitrate is 
present as the monomer, but that on dilution below 0-1M, there is a sharp 
decrease in apparent molecular weight. Three different types of molar 
conductivity—concentration curves are obtained in the three media. Ultra- 
violet spectra show high en, values, of the order of 2000, for absorption in 
the nitrate region in pure solvents. Absorption spectra in methyl cyanide— 
water mixtures have also been examined. 

The various physical properties reported are consistent with one another 
if it is assumed that stepwise dissociation Cu(NO,), === Cu(NO,)* + NO,” 
= Cu** + 2NO,- can occur. 


In recent years extraction from aqueous solution into organic solvents has become 
important for separation and purification of heavy-metal nitrates, and the nature of the 
species in solution in the organic solvents has been extensively investigated. However, 
in such systems the water molecules which may be present in the co-ordination sphere 
of the metal can profoundly influence the behaviour of the nitrate group. Certain anhydrous 
metal nitrates are now known to exhibit high solubility in organic solvents, and in these 
solutions the physical properties of the nitrate group can be studied in the complete absence 
of water. Copper nitrate solutions were of interest since this compound forms a mono- 
meric gas and preliminary experiments ! indicated that it is also monomeric in solution in 
ethyl acetate. 


1 Addison and Hathaway, Proc. Chem. Soc., 1957, 19; J., 1958, 3099. 
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The solvents chosen represent media of low dielectric constant (ethyl acetate), high 
dielectric constant but poor complex-forming properties (nitromethane), and high di- 
electric constant with high complex-forming properties (methyl cyanide). In addition to 
solubility values, the molecular weights, electrical conductivities, and ultraviolet absorp- 
tion spectra of the solutions have been determined over the same concentration ranges so 
that direct comparison is possible. 


RESULTS AND DISCUSSION 


(1) Solubilities—The solubility of copper nitrate is compared in Table 1 with corre- 
sponding values for silver and zinc nitrates. Solubilities in methyl cyanide are considerably 


TABLE 1. Solubilities of anhydrous nitrates (at 20° except where otherwise stated). 
Solubility (g. per 100 g. of solvent) 


Solvent Cu(NO,), AgNO, Zn(NO,), 
ERTS EES PET a ee 150 (25°) 228 128 (25°) 
SUIT sass adcnisstttestnchoninstittachcasdaithe 151 (25°) 2-7 > 136 
SIAL. ‘siniapesthensdeleianhptdodinabeiods 5-1 Negligible 0-45 2 
SII eaitiicaretacesetanermeeioteccenacn 33-7 112 71 


higher than in nitromethane; this reflects the complex-forming powers of methyl] cyanide, 
and each salt crystallises from solution in the latter as an addition complex with it. The 
most noteworthy feature is the very high solubility of copper and zinc nitrate in ethyl 
acetate. The infrared spectrum ® of each compound indicates covalently bonded nitrate 
groups, and since the solubility of silver nitrate (in which no covalency exists) in ethyl 
acetate is low, it was at first inferred that high solubility in ethyl acetate was a consequence 
of covalent metal-nitrate bonding. However, anhydrous cadmium nitrate, which is 
clearly ionic in the solid state,’ is also very soluble in ethyl acetate. The readiness 
with which the metal ion is solvated is obviously a contributory factor. Copper and zinc 
form many stable complexes in which oxygen is the donor atom; silver co-ordinates more 
readily with the nitrogen atom, and this is reflected in its different solubility characteristics. 
Other anhydrous transition-metal nitrates are being examined to define these solubility 
effects more precisely. 

Expressed in molecular units, copper nitrate is much more soluble in ethyl acetate than 
in water, 1 mole dissolving in 7-0 moles of water, but in only 1-41 mole of ethyl acetate. 
The colour of the blue-green solution in ethyl acetate is much more intense than that of an 
aqueous solution of the same concentration. The heats of solution of the anhydrous salt 
in a large excess of water or ethyl acetate are 17-2 + 0-1 and 15-9 + 0:3 kcal. mole", 
respectively.* 

Solubility of copper nitrate in ethyl acetate by extraction of solvent. The solubility value 
(Table 1) was determined by shaking ethyl acetate with excess of solid for one week. The 
saturated solution is viscous, and the solubility was therefore confirmed by an independent 
method. 

When copper nitrate is added to a mixture of ethyl acetate and light petroleum, separ- 
ation into two liquid phases occurs. A solution of copper nitrate in ethyl acetate was 


TABLE 2. 
Ratio (w/w) light petroleum: EtOAc ... 0 0-98 2-31 2-86 5:37 10-51 15-87 
Mol. composition of EtOAc phase 
SII vecncsnsrecoroxegnesgun 7:27 2:88 2-32 2-14 1-74 148 = 1-42 


therefore treated with varyirlg quantities of light petroleum (b. p. 40—60°), and the 
equilibrium composition of the ethyl acetate phase determined (Table 2). As the ratio 
* Addison and Hodge, J., 1954, 1138. 


% Addison and Gatehouse, /J., 1960, 613. 
* Greenwood and Perkins, unpublished results. 
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light petroleum : ethyl acetate was increased, progressively larger amounts of ethyl acetate 
were extracted into the petroleum phase. In the limit, the colourless upper phase consisted 
of ethyl acetate in light petroleum, and the lower phase was a saturated solution of copper 
nitrate in ethyl acetate, with a negligible content of light petroleum. The limiting 
composition of the ethyl acetate phase (Table 2) is in good agreement with the molar 
composition of the saturated solution [EtOAc/Cu(NO,), = 1-41] determined by direct 
addition (Table 1). 

Addition compound with ethyl acetate. The saturated solution may be regarded as a 
liquid addition compound Cu(NO,),,1-5EtOAc, in which a little anhydrous copper nitrate 
is dissolved. Copper nitrate also forms an addition compound Cu(NO,),,1-5C,H,O, with 
1,4-dioxan.5 The formation of a stable addition compound between copper nitrate and 
ethyl acetate is supported by the following observations: (a) When cooled to —70°, the 
saturated solution solidifies to a glass, and crystallisation from the solution has never 
been achieved. (b) Copper nitrate does not dissolve in benzene, yet when a solution in 
ethyl acetate containing less copper nitrate than is indicated by the formula 
Cu(NO,),,1-5EtOAc is diluted by a large volume of dry benzene, no precipitation occurs. 

In the presence of water, however, there is no evidence of solvation of copper nitrate 
by ethyl acetate. If a solution of copper nitrate in ethyl acetate is shaken with water, 
the salt is completely extracted into the aqueous phase. This unusual behaviour resembles 
that of silver perchlorate, which has a high solubility in benzene but is also completely 
extracted into water. 

(2) Molecular Weights.—Molecular-weight values in the three organic solvents, deter- 
mined ebullioscopically, are shown in Fig. 1. At the higher concentrations in ethyl acetate 
and nitromethane, the molecular weight is precisely that of the monomer. In methyl 
cyanide a constant but rather smaller molecular weight of 157 is observed. The electrical 
conductivity (Fig. 2) of methyl cyanide solutions is higher than that of solutions in nitro- 
methane (which has similar dielectric constant) so that the Jower molecular weight probably 
does represent some ionic dissociation, even at higher concentrations. However, the 
molecular weight in methy] cyanide in concentrations above 0-1m is independent of con- 
centration, which would be surprising if ionisation was appreciable. The values in Fig. 1 
were calculated by using the elevation constant K,, = 1-30° per mole per 1000 g. of solvent; 
this was determined for organic solutes and it is possible that it may not be the exact value 
applicable to systems of this type. 

The behaviour on dilution in all solvents is unusual; at a critical concentration of about 
0-1m there is a sharp fall in molecular weight in each case. This is illustrated by com- 
parison of the curves for methyl cyanide solutions of copper nitrate and silver nitrate 
(Fig. 1). The latter is typical of the variation in molecular weight which results from 
increasing ion association with increasing concentration. Measurements were extended 
to the lowest concentrations consistent with accuracy; from the shape of the curves it 
appears that at infinite dilution dissociation into three ions is possible: 


Cu(NO,), — Cu(NO,)* + NO,- — Cu*+ + 2NO,- 


but that the sudden decrease in molecular weight below 0-1M may well represent the first 
stage in this dissociation. 

Provided that the solvents were scrupulously dried, solutions in boiling methyl cyanide 
and ethyl acetate remained clear and stable. Solutions of copper nitrate in nitromethane 
are stable indefinitely at room temperature, but reaction occurs if the solution is boiled 
for some time. After a delay the clear solution suddenly evolves dinitrogen tetroxide 
copiously, and a green solid is deposited. Reactions of copper nitrate with organic com- 
pounds will be discussed elsewhere, but it is of interest here that such reaction is primarily 
a property of the monomer. With an 0-135m solution (Fig. 1) the b. p. elevation indicated 


5 Addison and Logan, unpublished results. 
* Walden, Z. phys. Chem., 1906, 55, 281: 
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a monomer in solution, but reaction occurred within two minutes of addition of copper 
nitrate. For this reason measurements could not be made at higher concentrations. 

(3) Electrical Conductivities—Three quite different types of conductivity-concentration 
curve are obtained in the three media (Fig. 2). The curve showing electrical conductivity 
in methyl cyanide indicates that even in this medium copper nitrate is a very weak 
electrolyte. The general form of the curve is normal, but molar conductivity is small. 
The molar conductivity of tetraethylammonium nitrate in methyl cyanide at 20° varies 
from 128 ohm™ cm.? at 0-0455m to 77 ohm™ cm.? at 0-182M. Over the same molar con- 
centration range, the conductivity of copper nitrate solutions varies between 15-0 and 
126 ohm cm.2. (The molar conductivity of silver nitrate in methyl cyanide? is 155.2 
ohm cm.? at 228-3 x 105m.) In these solutions the methyl cyanide will compete with 


Fic. 2. Molar conductivity of copper nitrate 
Fic. 1. Molecular weight of copper nitrate solutions. (The conductivity values for 
in non-aqueous solvents. ethyl acetate solutions have been multiplied 


by 100.) 
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the nitrate group as ligand for the copper ion; molecular weights do not reach the monomer 
value, so that some ionic dissociation no doubt occurs. However, since the dielectric 
constant of methyl] cyanide is 37-5, this dissociation must be small at concentrations above 
0-Im. The vertical line A (Fig. 2) represents the concentration below which molecular- 
weight values fall rapidly, and the increase in conductivity below this concentration is 
therefore in accord with the molecular-weight data. It should be emphasised that the 
latter represent the condition of the solution at the boiling point, whereas conductivities 
were determined at 20° or 25°. However, the broad correlation between molecular weight 
and conductivity data suggests that the temperature difference is not of major significance. 

The conductivity values in ethyl acetate are extremely low, a]l measured values lying 
below 0-1 ohm™ cm.*?. The dominant factor here is the low dielectric constant (6-02), 
so that conductivity at Jow concentrations would not be expected to reflect with any 
sensitivity the change in species in solution. The main feature of interest is the steady 
increase in molar conductivity with increasing concentration. Such increases have been 
observed following a conductivity minimum, as in the classical measurements of Fuoss and 
Kraus § on solutions of tetraisopentylammonium nitrate in water-dioxan mixtures, but 
even with very dilute solutiofs of copper nitrate in ethyl acetate no minimum has been 
detected. In the higher concentration range, no interpretation based on a major change 


7 Walden and Birr, Z. phys. Chem., 1929, 144, 269. 
§ Fuoss and Krauss, J], Amer, Chem, Soc., 1933, 55, 21. 
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in species in solution is acceptable, since conductivity continues to increase over the con- 
centration range for which, according to molecular-weight measurements, the species 
present is precisely the monomer. We consider that the dissolution of appreciable amounts 
of polar copper nitrate molecules increases the effective dielectric constant of the ethy] 
acetate solution; if it is accepted that ionic dissociation can occur to a minute extent under 
these conditions, then the increase in conductivity may be attributed to a small but regular 
increase in the effective dielectric constant. 

The low molar conductivity values observed in nitromethane indicate that copper 
nitrate is virtually a non-electrolyte in this medium. Electrolytes of the type M**(X-), 
give molar conductivities ® in M/1000-solution and at 25° in the range 200—240 ohm™ cm.?. 
The maximum value found for copper nitrate is 6-5 ohm™ cm.?, and above the monomer 
concentration (line A, Fig. 2) the value is <2 ohm™cm.?. The difference between the 
conductivity values at high concentrations in nitromethane and methyl cyanide is readily 
attributable to the greater ligand strength of the latter. At concentrations below line A, 
conductivity increases; this resembles the behaviour in methyl cyanide and is again 
consistent with molecular-weight data. However, in high dilution the behaviour is quite 
abnormal. Three aspects must be considered here: (a) the copper nitrate molecule 
dissociates into ions in this range; (b) the solutions at 25° are quite stable; their absorption 
spectra over the available wavelength range 1° compare closely with those in other solvents, 
and neither the spectra nor the electrical conductivity changes with time; (c) the dielectric 
constant of nitromethane (35-9) is near to that of methyl cyanide (37-5). 

It would be expected therefore that, as concentration decreases, the molar conductivity 
should increase rapidly to values comparable with those of methyl cyanide solutions. 
Instead, the conductivity increases only slightly, and passes through a maximum at m/100- 
concentration. There thus exists some superimposed physical effect which produces a 
decrease in molar conductivity with decreasing concentration. Curves of this type are 
obtained with anhydrous zinc nitrate and anhydrous cobalt nitrate, and also with nitro- 
methane solutions of the addition compounds Cu‘ Js),,N,0, and Fe(NO,)3,N,0,° and 
appear to be characteristic of solutions of anhydrous metal nitrates in nitromethane. No 
satisfactory interpretation can be offered at this stage; it is possible that the nitrate ion 
may be solvated by nitromethane to a sufficient extent to reduce its mobility, but no 
supporting evidence for this is available and solvent absorption prohibits the study of the 
ultraviolet spectrum in the 250—350 my range. 

(4) Absorption Spectra.—Ultraviolet absorption spectra for ethyl acetate and methyl 
cyanide solutions are given in Fig. 3, together with curves for dioxan and ethyl alcohol for 
comparison. Extinction coefficients in the first three solvents are of the order of 2000, 
compared with « = 12 in aqueous solution. Ethyl alcohol solutions show intermediate 
behaviour. Amsx. is 302-5 my for the NO,~ ion in water; in the two oxygen-containing 
solvents dioxan and ethyl acetate, Amax. is changed only slightly to 294 my. In contrast, 
Amax, iS increased to 323 my in methyl cyanide solutions. Methyl cyanide therefore causes 
an appreciable modification in the spectrum of both the NO, and Cu?* ions; in the visible 
range Amax. lies in the limits 785—820 my for water, nittomethane, ethyl acetate, and 
dioxan solutions, but in methyl cyanide Amax. is displaced to 750 my, with emax = 47. 

The factors responsible for the high absorption by the nitrate group in non-aqueous 
solvents are not yet properly defined. Katzin ™ found high ¢ values (of the order of 1000) 
for nitrate absorption in solutions of hydrated copper nitrate in t-butyl alcohol, and 
attributed this to the distortion suffered by the electronic orbitals of the nitrate group on 
entering the co-ordination sphere of the metal ion. With solutions of anhydrous copper 
nitrate in the absence of water, the e values (Fig. 3) are higher than any previously 
observed. This is consistent with Katzin’s interpretation, but since the copper and nitrate 

® Nyholm and Parish, Chem. and Ind., 1956, 470. 


10 Addison and Hathaway, /., 1960, 1468. 
" Katzin, J. Chem, Phys., 1950, 18, 789; J. Inorg. Nuclear Chem., 1957, 4, 187, 
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jons show an unusually strong tendency for covalent bonding, the distortion of the nitrate 
group from planar to pyramidal may also be a contributory factor.!* On these arguments, 
high absorption is to be expected at concentrations where copper nitrate is monomeric in 


TABLE 3. Influence of copper nitrate concentration on ultraviolet absorption spectra. 
(a) In methyl cyanide. 


(6) In ethyl acetate. 





Molar concn. € Amax. (my) Molar concn. € Amax. (my) 
0-00055 1775 325 0-00060 1960 294 
0-00111 * 1900 323 0-00120 * 2010 294 
0-00222 1905 320 0-00965 2180 294 
0-00444 1930 320 0-1068 2400 294 
0-00888 1860 318 
0-01292 1860 318 


* Curves given in Fig. 3. 


solution. However, if complete dissociation into three ions occurs on dilution, there 
should be a marked decrease in ¢; this has been examined for methyl cyanide and ethyl 
acetate solutions (see Table 3). 


Fic. 3. Ultraviolet absorption spectra of 
copper nitrate solutions. 


lic. 4. Absorption spectra of copper nitrate 
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In methyl cyanide, a 25-fold change in concentration introduces only a small variation 
in ¢max. It should be noted that the concentrations used in this case fall in a range in 
which dissociation is appreciable (Fig. 1) and in which the molecular weight is ap- 
proximately half that of the monomer. If we continue the assumption that the high 
absorption results from a nitrate ion which is covalently bonded rather than present in an 
ion pair, all observations can be correlated on the basis that the first-stage dissociation is 


Cu(NO,), — Cu(NO,)+ + NO,- 


and that the species Cu(NO,)* is responsible for the high absorption. This conclusion is 

supported by the results on ethyl acetate solutions (Table 3). The concentrations used 

cover a wider range, including the high concentration at which the solute is present as a 

monomer, and the variation if ¢max, is consequently greater. Nevertheless, all values of 

tmx, are high. There is reason to believe that in the solid state 18 and the gaseous state ™ 
12 Holleck, Z. phys. Chem., 1944, 194, 140. 


13 Wallwork, Proc. Chem. Soc., 1959, 311. 
' Bauer and Addison, Proc. Chem. Soc., 1960, 251. 
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the two nitrate groups in copper nitrate are bonded differently so that stepwise dissociation 
is feasible. 

Since methyl cyanide and water are miscible in all proportions, it was of interest to 
study the variation in the absorption spectrum of copper nitrate with solvent composition 
(see Fig. 4). Neither emax, NOT Amax, Varies regularly with mole-fraction of methyl cyanide; 
three stages can be discerned, which can again be interpreted on the basis of stepwise 
dissociation. Up to 0-4 mole-fraction of methyl cyanide, absorption characteristics are 
similar to those in water; Amax. is unchanged at 302-5 my and en,x. increases only slightly 
(from 12 in water to 18-0 in 0-407 mole-fraction of methyl cyanide). The solute may be 
regarded as fully dissociated into Cu? + 2NO,~ ions. Thereafter, « increases rapidly, 
and this solvent composition coincides with that at which Amax, decreases. This is believed 
to be the composition at which association to Cu(NO,)* + NO,” begins. The third stage, 
beginning at about 0-7 mole-fraction of methyl cyanide, is revealed by a slight change in 
direction of the en,x, curve, and a minimum in the values for Amax. The formation of some 
monomer may occur here, but this effect is more probably related to changes in the solv- 
ation shell of the Cu(NO,)* ion. 

All measurements shown in Fig. 4 were made at the same copper nitrate concentration 
(0-O118M). emax. in water is independent of concentration, and in methyl cyanide (Table 3) 
varies only slightly with concentration. In view of the postulated change in species in the 
mixed solvent, the influence of concentration on ¢,,,, was also examined in a region 
(0-791 mole-fraction of methyl cyanide) where ¢ey,x, might be particularly sensitive to 
concentration. Results are as tabulated. 


Molar concn. of Cu(NO,), in 0-791 mole-fraction MeCN ... 0-0118 0-0236 0-0354 
eee ans das Sat ada get ctatecehs He bared Hive aaidveces 410 422 460 
Raha, éoetn rs schacctbsesevbedievsvebdcents edeseusbesesseserscsbegeerdebels 275 275 275 


The variation is somewhat larger than with the pure solvents, but does not invalidate 
the general conclusions to be drawn from Fig. 4. 


Experimental.—Copper nitrate was prepared as already described.! 

Solvents were dried and purified scrupulously by standard methods. Ethyl acetate was 
finally purified by distillation from a copper nitrate solution. 

Molecular weights were determined in Cottrell’s apparatus, suitably guarded against entry 
of moisture. Ultraviolet spectra were determined with the Unicam S.P. 500 spectrophotometer, 
with matched fused silica cells and ground stoppers. Electrical conductivites were measured 
by using the circuit described by Greenwood and Worrall,’ and a conductivity cell of the type 
designed by Groeneveld and Zuur.'* 


One of us (A. W.) is indebted to the Department of Scientific and Industrial Research for a 
Maintenance Grant. 
THe UNIVERSITY, NOTTINGHAM. [Received, April 11th, 1960.] 


18 Greenwood and Worrall, J. Inorg. Nuclear Chem., 1957, 3, 357. 
16 Groeneveld and Zuur, Rec. Trav. chim., 1953, 72, 617. 
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841. Solutions in Sulphuric Acid. Part XXX.*  Conductivities of 
Some Electrolyte Solutions: Metal Sulphates, Ketones, and Tetra- 
(hydrogen sulphato)boric Acid. 


By S. J. Bass, R. H. Flowers, R. J. GILLespiE, 
E. A. Rosinson, and C. SoLoMoNns. 


The results of measurements of the electrical conductivities of solutions 
of metal sulphates, ketones, and tetra(hydrogen sulphato)boric acid are 
reported. 


In continuation of our studies of solutions in sulphuric acid, and in particular of the 
mechanism of electrical conduction in this solvent, we have extended our earlier measure- 
ments? of the electrical conductivities of electrolyte solutions to include all the metal 
sulphates that are sufficiently soluble, some ketones, and tetra(hydrogen sulphato)boric 
acid. Some of these data were needed for the conductometric analysis of solutions in 
the equilibrium cryoscopic measurements described in Part XXVI.? 

The solubilities of metal sulphates in sulphuric acid have been studied by Kendall 
and Davidson. In agreement with their observations, we found from a study of a large 
number of metal sulphates, that, in addition to the sulphates of Li, Na, K, NH,, Ba, and 
Sr, whose conductivities had been measured previously,! only the sulphates of Rb, Cs, 
Ag, Tl(1), Ca, Pb(11), and Hg(1) are sufficiently soluble to cause an appreciable change in 
the conductivity. In the present work the conductivities of all these metal sulphates, 


TABLE 1. Specific conductances of some electrolyte solutions (25°). 


w 10?x w 10°« w 10?x« w 10° w 10°x 

LiHSO, KHSO, KHSO, (cont.) RbHSO, (cont.) AgHSO, (cont.) 
0-0106 1-067 0:0048 11-0505 0-0129 1-087 0-3313 4-955 0-0595 1-623 
0-0298 1-218 00194 1-354 0-0299 1-240 0-4868 6-212 01033 2-246 
00713 1-735 0-0676 1-740 00558 1-573 ; 01558 2-942 
0-1089 2-222 0-1221 2-503 0:0849 1-986 CsHSO, 01864 3-315 
01775 3-001 01761 3-195 01196 2-469 0-0242 1-190 0-2531 4-052 
02939 4-005 0:2193 3-681 0-1627 3-030 0-0470 1-482 04096 5-427 
0-0157 1-098 0-2596 4-115 0-2419 3-931 0-0670 1-776 00110 1-0764 
00438 1-383 0-2973 4-506 0-3277 4-752 01100 2-425 0-0332 1-277 
0-0814 1-875 0-0025 11-0458 0-4723 5-856 01508 3-011 0-0554 1-560 
01743 2-971 0-0259 11962 0-2092 3-780 0-0851 1-967 
0-2388 3-576 00357 1-308 RbHSO, 02580 4-361 0-1172 2-426 
03338 4-277 0:0577 1-597 0-0003 11-0438 0-0236 1-192 0:1387 2-645 
04319 4-824 00840 1-974 00005 41-0438 0-0508 1-550 01749 3-163 

: 01086 2-322 00008 1-0442 0-0750 1-905 0-2204 3-682 

NaHSO, 0-1339 2-665 00131 1-1010 01042 2-354 02547 4-044 
0-0228 1-156 0-1626 3-032 0-0341 1-3262 01396 2-871 0-0270 1-208 
00499 1-468 0-1903 3-365 0-0784 1-9583 0-1792 3-414 0-0584 1-594 
0-1352 2-591 0-2293 3-802 0-1252 2-645 0-2384 4-414 00773 1-873 
0-2000 3-319 0-2838 4-353 01954 3-555 02790 4-614 01156 2-405 
0-2812 4-075 0-3457 4-907 0-2731 4-434 0:1355 2-670 
0-3807 4-811 00007 1-044 03656 5-303 AgHSO, 0-:1715 3-122 
0-0036 1-0489 0-0026 1-046 0-4775 6-182 0-0344 1-283 02104 3-575 
0-0202 1-1327 0-0054 1-052 00003 1-044 0-04385 1-395 0-2647 4-147 
0-0432 1-382 0:0073 1-057 00013 1-045 0-0617 1-642 0:3127 4-613 
0-0672 1-701 0-0112 -1-074 00095 1-068 0-0772 1-862 
0-1131 2-314 00206 1-140 0-0292 1-234 00920 2-071 TIHSO, 
0-1432 2-681 0-0441 1-407 00436 1-415 0-1167 2-412 00196 1-164 
0-1871 3-185 00754 1-842 0-0697 1-790 01501 2-848 0-0706 1-868 
0-2252 3-594 01412 2-764 0:0965 2-190 0-2054 3-512 0-0924 2-201 
03155 4-346 0-2663 4-172 01468 2-895 0-2688 4-178 0-1296 2-761 


0-3503 4-616 0-4118 5-426 0-2335 3-958 0-4661 5-798 0-1828 3-504 








* Part XXIX, J., 1960, 845. SET ES. UTS TG ee f 
1 Gillespie and Wasif, J., 1953, 204. 

* Bass and Gillespie, J., 1960, 814. 

* Kendall and Davidson, J. Amer. Chem. Soc., 1921, 48, 979. 
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w 


TIHSO, (cont.) 


0-2720 
0-3628 
0-4518 
0-0356 
0-0604 
0-0940 
0-1350 
0-1888 
0-2632 
0-3722 
0-4478 
0-5524 
0-7472 


Bass, Flowers, Gillespie, Robinson, and Solomons: 


10*x 


4-610 
5-582 
6-418 
1-312 
1-670 
2-223 
2-736 
3-579 
4-501 
5-778 
6-479 
7-359 
8-638 


Ca(HSO,), 


0-0066 
0-0279 
0-0592 
0-0925 
0-1273 
0-1918 
0-2800 
0-0262 
0-0556 
0-0896 
0-1771 
0-2882 


1-083 
1-519 
2-276 
2-958 
3-154 
4-263 
4-864 
1-454 
2-164 
2-870 
4-082 
4-864 


Sr(HSO,), 


0-0119 
0-0528 
0-1000 
0-1577 
0-2174 
0-0306 
0-0693 
0-1120 
0-1650 
0-2250 


1-140 
2-088 
3-052 
3-871 
4-434 
1-585 
2-497 
3-281 
3-979 
4-507 


Ba(HSO,), 


0-0376 
0-0695 
0-1253 
0-1856 
0-0114 
0-0379 
0-0604 
0-0901 
0-1401 
0-1980 


1-841 
2-650 
3-717 
4-490 
1-163 
1-840 
2-423 
3-084 
3-932 
4-612 


Pb(HSO,), 


0-0624 
0-0888 
0-0265 
0-0640 
0-0841 
0-1030 


2-355 
2-913 
1-497 
2-416 
2-852 
3-216 


Hg,(HSO,), 


0-0159 
0-0692 
0-1377 


1-114 
1-646 
2-324 


TABLE 1. (Continued.) 
w 10*« w 10?« w 10°« 
H,0-HSO, H,S,0, (cont.) NH,°HSO, 
0-0568 1-524 0-:0034 1-0483 0-0059 1-054 
0-1055 2-228 0-0044 1-0502 0-0209 «1-151 
0-2071 3-483 00063 1-0547  0-0428 1-404 
0-3257 4-657 0-0090 11-0628 00657 1-726 
0-4434 5-611 0-0134 10777 01103 2-374 
0-6029 6-670 0-0176 11-0948 0-1822 3-337 
0-8054 7-751 0-0219 11142 0-2740 4-393 
0-0217 1-122 0-0502 1-259 0-3826 5-441 
0-0857 1-941 0-0921 1-472 0-0162 1-111 
0-1382 2-672 0-1182 1-595 0-0418 1-393 
0-1911 3-314 0-1707 1-817 0-0726 1-828 
0-2370 3-824 0-1884 1-885 0-1007 2-238 
0-3040 4-490 0-1946 1-907 0:1696 3-183 
0-3802 5-141 0-2407 4-034 
0-0005 11-0437 0-3505 5-153 
0-0020 = 1-0433 0-4824 6-256 
— 1-0439 HB(HSO,), 
"0050 = 1-0453 Acetone 
00078 10514 0013 1-044 ; 
0-0180 11-1023 9°0049 = 1-045 ones. ee 
0-0302 1-2134 0-0110 1-062 0-0360 1-286 
0-0316 1-225 0-0172 1-103 0-0616 = 1-627 
0-0481 1-436 0-0236 1-162 0-0836 1-944 
0-0787 1-870 0-0322 1-277 0-1267 2-563 
0-1134 2-361 0-0394 1-372 0-1608 3-024 
0-1487 2-830 0-0015 1-044 0-0166 = 1-117 
0-1814 3-234 0-0039 1-048 O0675 1-463 
0-2300 3-783 00151 1-106 | Soe 
0-2560 4-055 0-0268 1-223 0-:1040 = 2-273 
0-3136 4-605 0-0425 1-413 0-1448 2-845 
0-3320 4-774 0:0573 1-657 01798 3-296 
0-4077 5-397 0-0710 1-856 0-0439 1-464 
0-0004 1-0437 0-0118 1-089 0-0784 1-456 
0-0014 1-0434 0-0218 1-181 O-1215 2-575 
0-0024 11-0434 0-0316 1-284 0-1731 3-263 
0-0035  1-0438 0-0414 1-417 0-2489 4: 157 
00045 1-0450 0-0562 1-655 0-3605 5-246 
0-0070 1-0492 0-0796 1-965 04915 6-266 
0-0096 1-0570 90062 1-063 
0-0155 11-0862 0-0143 = 1-115 Acetophenone 
0-0234 11-1479 —-9'0256 an 0-0043 1-050 
0-0399 1-332 0-0327 1 0-0275 1-223 
0-0564 1-558 0-0404 1-407 0-0472 1-471 
0-0766 1-846 0-0608 1-683 0-0666 1-743 
0-0964 2-130 0-0031 1-048 0-0843 1-999 
O-1171 2-469 0-0076 1-055 01022 2-255 
0-1548 2-905 0-0131 1-082 0-1422 2-804 
0-1881 3-317 0-0181 = 1-131 0-1779 3-249 
0-2293 3-780 0-0223 1-182 0-0115 1-078 
0-2916 4-410 0-0507 1-525 0-0344 1-294 
0-3738 5-137 0-0348 = 1-294 00562 1-588 
0-4294 5-573 ovaee —. 0-0855 2-013 
0-1060 2-475 0-1167 2-453 
H,S,0, 0-1175 2-661 so 
0-0011 1-0450 0-1338 2-839 01383 2-783 
0-0057 11-0536 0:0743 1-888 01933 3-455 
0-0168  1-0920 0-0557 1-620 0-2659 4-201 
0-0277 = 1-1429 0-0970 2-213 0-3725 5-057 
0-0382 1-200 0-0513 1-537 0-4607 5587 
0-0863 1-446 0-1142 2-577 0-5574 6-020 
0-2044 1-945 0-1228 2-719 
0-3459 2-298 0-2900 4-084 
0-5091 2-749 0:1755 3-255 Benzophenone 
0-0005 1:0444 0-2548 3-849 00123 =1-084 
0-0015 1-0454 0-3201 4-208 0-0491 1-492 
0-0024 1-0466 0-2530 3-871 0-0831 1-977 


w 10x 


Benzophenone 
(cont.) 

0-1072 2-314 
0-1491 2-852 
0-0194 =1-133 
0-0409 = 1-377 
0-0787 1-910 
O-L1L1 . 2-359 
0-1524 2-882 
0-0342 1-280 
0-0954 2-112 


01547 2-864 
0-2157 3-502 
0-3103 4-246 
0-4149 4-786 
0-5125 5-084 
0-0094 = 1-0613 
0-0374 1-313 
0-0596 1-610 
0-0698 1-753 
0-0866 1-988 
0-1030 2-212 


0-1189 2-425 
0-1383 2-671 
0-1680 3-018 
0-2010 3-365 
0-2377 3-704 
0-2640 3-944 
0-3035 4-230 
0-3578 4-554 


Di-p-tolyl ketone 


0-0188 1-125 
0-0361 1-305 
0-0644 1-681 
0-0944 2-088 
0-1320 2-561 
0-0375 1-308 
0-0859 = =1-955 
0-1515 2-766 


0-2483 3-653 
0-1127 2-321 
0-2116 3-369 
0-3436 4-220 
0-4940 4-647 
0-5865 4-712 


4,4’-Dichloro- 

benzophenone 
0-0107 1-072 
0-0478 1-457 
0-0850 1-962 
0-1512 2-772 
0-1437 3-203 
0:2456 3-630 


0-0542 1-559 
O-1113 2-355 
0-1630 2-973 
0-2278 3-574 
0-0242 1-190 
0-0820 1-950 
0-1348 2-621 
0-1943 3-366 
0-2823 3-966 
0-3723 4-338 


0-4717 4-531 
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including those studied previously, have been measured at 25°. The results are given 
in Table 1. As metal sulphates are quantitatively converted in solution into-hydrogen 
sulphates, the compositions of the solutions are expressed in terms of the hydrogen 
sulphates. All the solutions were made up by weight, and their concentrations are given 
as moles of solute per kg. of solution, 7.e., in molon units,‘ and are denoted by the symbol 
w. For comparison and for use in subsequent calculations (see following paper) inter- 
polated conductivities are required at round molal concentrations (m) and at round molar 
concentrations (c) and these are given in Table 2. They were obtained from large-scale 


TABLE 2. Interpolated specific conductances (25°). 


m (mole kg.~! 
of solvent) 0-01 002 003 0-04 006 008 O10 O14 O18 024 O32 0-40 


BN cc cssahines 1-065 1-125 1-224 1-336 1-582 1-838 2-101 260 3-02 356 415 — 
NaHSO, ......... 1-067 1-133 1-229 1-342 1-600 1-862 2-128 2-63 3-07 367 429 — 
KHSO, ........-+.. 1-068 1-139 1-240 1-356 1-626 1-900 2-176 2-71 3-19 384 457 — 
RbHSO, ......... 1-068 1-152 1-260 1-390 1-670 1-962 2-260 2-82 3:34 408 488 5-58 
Sec ceemnonac 1-068 1-152 1-260 1-390 1-672 1-984 2-290 288 342 417 505 5-78 
(ae 1-067 1-142 1-235 1-348 1-608 1-880 2-157 267 313 378 446 — 
IR ss pacidiade 1-068 1-152 1-260 1-390 1-680 2-009 2-324 2:91 346 423 515 5-87 
NH,-HSOQ, ...... 1-068 1-142 1-247 1-365 1-635 1-927 2-215 2-76 326 395 — — 
Ca(HSO,),......-. 1/135 1-352 1-587 1-823 231 2-72 308 358 408 — — — 
Sr(HSO,) ......0-- 1135 1-342 1-570 1-802 2-26 267 302 352 402 45 a8 
Ba(HSO,), ...... 1-135 1-374 1-626 1-876 238 283 322 378 432 — — — 
H,O°HSO, ...... 1-0584 1-1172 1-209 1-329 1-601 1-879 2-162 2-686 3-174 3-822 4-562. 5-198 
ES eckcaanas 10635 1:1047 1-154 1-204 1-307 1-407 1-502 1-676 1-830 2-033 2-260 2-45 
HB(HSO,), ...... 1-067 1-145 1-250 1-375 1-665 1-970 2-29 2-81 319 361 404 4-30 
c(molel.~) 0-01 0:02 0:04 0:06 010 0:20 0:30 0-40 0-50 0-60 0-70 0-80 
REE 1-050 1-068 1-145 1-252 15520 2-23 2-86 339 385 423 4:56 4-84 
NaHSO, ......... 1-051 1-068 1-147 1-258 1-536 2:26 2-92 349 3-99 477 479 512 
RIOD, oi 0i.s00855i. 1-052 1-073 1-156 1-274 1558 233 3-04 3-68 423 4:72 516 5-56 
RbHSO, ......... 1-052 1-08 1-17 1:29 161 240 314 377 440 484 537 — 
SR, .0ccivdandi. 1-052 1:08 117 1-29 161 241 315 3-79 447 500 551 — 
AgHSO,  .......-- 1-053 1-075 1-16 1:26 1:55 229 300 362 415 462 5-07 5-48 
” RT 1-053 1-08 1-17 1:29 161 245 319 387 448 501 552 — 
NH,HSO, ......... 1-053 1-075 1-161 1-278 1-590 2-38 3-11 3-79 439 494 544 — 
H,O-HSO, ...... 1-046 1-061 1-130 1-249 1-530 2-284 2-994 3-60 4:15 463 5-07 5-44 
MEN, cubssiiele 1-054 1-068 1-114 1-169. 1-281 1-553 1-788 1-991 2-17 233 247 — 
HB(HSO,), ...... 1-051 1-073 1-163 1-29 1-61 239 3-12 360 399 423 432 — 
OTS yee 1-052 1-073 1-153 1-270 1-56 235 311 380 446 501 — 
CH,-CO-C,H, ... 1-052 1-073 1-153 1-270 1:56 235 311 375 432 479 — -— 
(C,H,),CO ......... 1-052 1-073 1-153 1-270 1:56 2-34 3-01 358 404 442 472 — 
(p-CHy°C,H,),CO 1-052 1-073 1-153 1-270 1:55 2-29 2-47 348 388 423 454 — 
(p-Cl-C,H,),CO... 1-052 1-073 1-153 1-270 1:56 2-30 248 349 388 — a 


plots of « against w by interpolation at the appropriate w values calculated from the 
expressions w = c/p and w = m/(1 + mW/1000) where p is the density of the solution ® 
and W is the molecular weight of the solute. New measurements were also made of the 
conductivities of solutions of water which behaves as the strong binary electrolyte, 
oxonium hydrogen sulphate, H,O-HSO,. Since these new measurements led to some 
slight revisions of the interpolated values reported previously,® and since they were also 
useful for comparison and for calculations reported in following papers, the new values 
are also included in Tables 1 and 2. 

The conductivities of solutions of some organic bases have been reported previously." 
These measurements have now been extended to include a series of ketones of varying 
molecular size in order to investigate the effect of ion size on the conductivity. The large 
size of some organic cations has been found to be responsible for the considerable deviations 
from ideality in the freezing points of their solutions.+?7_ The conductivities at 25° of 

* Gillespie and Solomons, J]. Chem. Educ., 1960, 37, 202. 

® Flowers, Gillespie, and Robinson, J., 1960, 845. 


® Gillespie, Oubridge, and Solomons, /., 1957, 1804. 
* Bass, Gillespie, and Oubridge, /., 1960, 837. 








4318 Bass, Flowers, Gillespie, Robinson, and Solomons: 


acetone, acetophenone, benzophenone, 4,4'-dimethyl- and 4,4’-dichloro-benzophenone are 
given in Tables 1 and 2. 

The conductivities of solutions of metal sulphates and organic bases are due very 
largely to the hydrogen sulphate ion. It is also of importance to have information on 
the conductivities of solutions containing the hydrogen (H,SO,*) ion, 7.e., “ acidic” 
solutions in the sulphuric acid solvent system. Conductivities of solutions of the strong 
acid, tetra(hydrogen sulphato)boric acid HB(HSO,),,° are therefore also given in Table 1 
together with values for the weaker disulphuric acid. Conductivities of solutions of 
disulphuric acid have been reported previously,* but further measurements have, as in 
the case of water, necessitated some slight changes in the interpolated values, so that new 
values are given here. The accuracy of the results for tetra(hydrogen sulphato)boric acid 
is probably not as great as for the other electrolytes studied, since solutions of accurately 
known composition are difficult to prepare. It was necessary to measure the concentration 
of a disulphuric acid solution by means of its conductivity and then to add an exact amount 
of boric acid calculated according to the equation,® H,BO, + 3H,S,0, = HB(HSO,), + 
2H,SO,. 

ie ‘addition, the conductivities of solutions of potassium sulphate, tetra(hydrogen 
sulphato)boric acid, water, and disulphuric acid were measured at 10°, and measurements 
were also made on potassium sulphate solutions at 40°. The results of these measurements 
are given in Table 3. 


TABLE 3. Specific conductances at 10° and 40°. 


w 10° w 10°x w 10°x w 10?x w 10°x 
H,O (10-30°) H,S,0, (10-30°) H,S,0, (10-30°) HB(HSO,), KHSO, (10 -30°) 
0-0045 0-5873 0-0004 0-5871 (cont.) (10-30°) (cont.) 
00079  0-5924 0-0040 0-5919 0-1990 1-208 : (cont.) 0-0834 1-268 
00162  0-6084 00080  0-6019 02980 1-438 00218 0-7144 00967 1-405 
0-0206 0-652 0-0124 0-6156 0-4126 1-627 --0-0310 0-8039 01050 1-442 
00287 0-715 0-0784 0-8611 05170 1-771 00414  0-9098 : E 
00451 0-865 01487 11-0793 0-7060 1-468 0-0562 1-093 KHSO, (9-92°) 
00692 1-119 01852 1-170 00120 0-609 00796 1-318 00109 0-592 
00095 1-587 03212 1-478 00415 0-724 0-0066  0-6070 00360 0-765 
00131 0-611 03940 1-004 00614 0-800 00142 0-6544 00985 1-380 
0:0257 0-690 0-6685 1-422 01125 0-972 00560  0-7605 01732 2-044 
0-0339 0-758 06855 1-466 0-1979 1-202 0:0326  0-8234 03077 2-976 
00585 1-012 0-7040 2-052 0-2810 1-402 00404 0-9016 0:-4891 3-879 
00284 0-671 00012 0-588 05976 1-863 00607 1-115 00048 0-584 
0-0336 0-754 0-0068 0-599 06950 2-020 00075 0-603 00216 0-682 
0-0057 0-586 00154 0-621 07230 2-095 0-0131 0-624 00648 1-100 
00210 0-650 00756 0-851 00181 0-669 01311 1-736 
0-0324 0-739 0-1355 1-037 HB(HSO,), 0-0223 0-713 0-2260 2-672 
0-0491 0-906 0-2750 1-394 (10-30°) , R 0-4018 3-517 
01782 1-035 0-2955 1-402 0-0013 05863 KHSO, (10-30°) , F 
00031 0-592 0-0402 0-7399 00048  0-5864 00080 0-5986 KHSO, (40:00°) 
00104 0-600 00515 0-7611 0-0109  0-6062 0:0290  0-7326 0-0109 1-745 
0-0329 0-741 0-0679  0-8235 00171  0-6435 0-0361 0-7951 00360 2-014 
00451 0-864 0-0846 0-8971 0-0235  0-6977 0-0443  0-8736 00985 3-131 
00656 1-068 0-1384 1-047 0-0321  0-7960 00578 1-016 0:1732 4-473 
00976 1-128 0:4330 1-635 0:0393  0-8745 0-0888 1-327 0-3077 6-466 
01206 1-408 0-5195 1-775 0-:0015  0-5868 0-0357 00-7901 04891 8-450 
01368 1-634 05970 1-862 00150 0-6467 0-0666 1-073 00048 1-732 
0-:1548 1-771 0:0060 0-600 0-0267 0-7502 0-0896 1-333 00216 1-878 
01688 1-970 0-0180 0-647 00425  0-9078 0-1011 1-450 00648 2-592 
0-0410 0-764 0-0573 1-096 0-0134  0-6228 01311 3-831 
00792 0-866 0-0709 1-243 0-0534 0-9701 02260 5-401 
0-1225 1-003 00118  0-6328 0-0791 1-225 04018 7-643 


Plots of the conductivity against concentration are given in the Figure for some of the 
electrolytes. All the curves are of the same general shape and in the case of the metal 
sulphates and ketones they are initially very close to each other but diverge to an increasing 
amount at higher concentrations. Their initial similarity at low concentrations is a 

8 Flowers, Gillespie, and Oubridge, J., 1956, 1925. 
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consequence of the very small transport numbers of all the cations,® conductivities being 
due largely to the hydrogen sulphate ion whose conductivity is initially almost independent 
of the nature of the cation with which it is associated. At higher concentrations, however, 
the cation has a considerable effect on the mobility of the hydrogen sulphate ion and this 
causes the observed differences in the conductivities of different electrolytes. These 
differences are much too large to be attributed to the very small differences in the mobilities 
of the cations. 

The conductivity at zero concentration is due to the ions resulting from the solvent 
self-dissociation and particularly the H,SO,* and HSO,” ions from the autoprotolysis. 
The shape of the curves at low concentrations, 1.e., convex to the concentration axis, is 
due to the repression of the autoprotolysis. At higher concentrations the curves become 
concave to the concentration axis, indicating that the mobility of the hydrogen sulphate 
jon decreases with increasing electrolyte concentration. 





4, Acetone : - 
= Ts (displaced vertically by 1-0 
sp 0 a (10-2 ohm cm.~!) unit. 


C, CsHSO,. D, KHSO,. E, NaHSO,. 
F, HB(HSO,), | ae yey horizontally by 0-05 
G, H,S,0, w unit. 


K (10° ohm cm") 














A more detailed consideration of the results requires a knowledge of the extent of the 
solvent self-dissociation at 25°. This can be obtained from the values given previously 
for the equilibrium constants of the self-dissociation reactions at 10° and certain of the 
conductivity data presented above. In the following two papers these values for the 
equilibrium constants of the self-dissociation reactions at 25° are derived and the con- 
ductivities of electrolytes solutions that have been given in this paper are fully analysed. 


EXPERIMENTAL 


The apparatus and experimental procedures used in the measurement of conductivity have 
been described. Sulphuric acid was prepared as described previously ? and it was finally 
adjusted to exactly 100% H,SO, in the conductivity cell by addition of aqueous acid or oleum 
until the composition of minimum conductivity [«(25°) = 0-010432 ohm™ cm."") was obtained, 
then by addition of the correct. amount of a very dilute oleum, the 100% composition was 
obtained [«(25°) = 0-010439 ohm™ cm.]. It was most important to adjust the composition 
of the solvent accurately in this way before each run in order to obtain completely reproducible 


® Gillespie and Wasif, ]., 1953, 209. 
1° Bass, Gillespie, and Robinson, J., 1960, 821. 
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results. Powdered solid solutes were added to the conductivity cell by means of a weight- 
burette with a wide-bore tap and a long delivery-stem. No contamination of the contents 
of the cell by atmospheric moisture occurred during the short time (15 sec. or less) that the 
cell was open to the atmosphere. 

Potassium, ammonium, lithium, and sodium sulphates were “‘AnalaR’’ materials which 
were dried at 120° and by storage in desiccators over phosphoric oxide. Czsium, rubidium, 
silver, and thallous sulphates were the purest commercial materials obtainable and were re- 
crystallised from hot dilute sulphuric acid, dried at 600° for 3 hr. and stored over phosphoric 
oxide. Barium and strontium sulphates were prepared from the “‘AnalaR”’ nitrates by 
precipitation with ‘‘AnalaR ”’ sulphuric acid and dried and stored as above. Calcium sulphate 
was prepared by dehydrating “‘AnalaR’’ CaSO,,2H,O at 650°. Mercurous sulphate was 
precipitated from a solution of ‘‘AnalaR’”’ mercurous nitrate with an equivalent amount of 
“‘AnalaR ”’ sulphuric acid, washed, and dried at 250°. Lead(1) sulphate was similarly prepared 
from ‘‘AnalaR ”’ lead nitrate. The purification of the ketones has been described previously.’ 

WILLIAM RAMSAY AND RALPH FoRSTER LABORATORIES, 

UNIVERSITY COLLEGE, Lonpon, W.C.1. 
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842. Solutions in Sulphuric Acid. Part XXXI1 Temperature-de- 
| pendence of the Self-dissociation Equilibria and the Heats of Auto- 
protolysis and Ionic Self-dehydration. 


By R. J. GILLespie, E. A. Ropinson, and C. SOLoMONs. 


The conductivity data given in the previous paper and the position of the 
minimum conductivity of the H,O—SO, system at 10°, 25°, and 40° are used 
to obtain values of the self-dissociation constants of sulphuric acid at 25° 
and 40° and to confirm previously determined values at 10°. The ratio of 
the mobilities of H,SO,* and HSO,~ is also derived. 


In order to interpret the conductivities of electrolyte solutions given in the preceding 
paper ! it is necessary to have values of the equilibrium constants of the self-dissociation 
reactions at 25°. These values are derived in the present paper from the previous values? 
at 10°, the position of minimum conductivity of the H,O-SO, system,® and some of the 
conductivity data of the preceding paper. Values are also obtained for 40° together with 
values for the heats of autoprotolysis and ionic self-dehydration. 

Ratio of the Mobilities of H,5SO,* and HSO,~.—We need first the ratio of the mobilities 
of the ions H,SO,* and HSO,-. This may be obtained at 10° from the ratio of the con- 
ductivities of solutions of water and disulphuric acid of equal ionic strengths, it being 
assumed that the mobilities of these ions depend only on the total ionic strength of the 
solution and not, at least to a first approximation, on the nature of the other ions present. 

For any solution of univalent ions we have 


NE ac 4: Cacao eeee. See 


where « is the specific conductance, ¢; the concentration of the ionic species 7, and 2; the 
ion conductance (or mobility) of this species. As the concentrations of all the species in 
various sulphuric acid systems have been previously calculated 2 by use of molal con- 
centrations it is also convenient to use these units here. For the relatively low concentra- 
tions with which we are concerned it is a reasonable approximation to write 


Ci =—=eom . ° ° ° ° ° . ° ° ° (2) 


' Part XXX, Bass, Flowers, Gillespie, Robinson, and Solomons, preceding paper. 
? Bass, Gillespie, and Robinson, Part XXVII, /., 1960, 821. 
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where ep is the density of the solution and m; the molality of species i. Hence for any 
solutions in the H,O-SO, system 


« = 10%o(my,s0,+ An,80,+ + Hs0,-Ans0,- + %,0+2n,0+ + ns,0,-Ans,0,-) - (3) 


Since we are interested particularly in the conductivity due to the ions H,SO,* and HSO,~ 
it is convenient to define a “ corrected ”’ conductivity in the following manner 


Ke = K — 10°39(mg,0+Ax,0+ + x,0,-An8,0,-) = 
10°3p(my,50,+ Ax,80,+ + %as0,-Auso,-) (4) 


For many purposes it is sufficiently accurate to put x’ = « since the contribution of H,O* 
and HS,O,~ to the conductivity is very small. When necessary their contribution to the 
conductivity can be allowed for approximately. Thus, on the basis of the transport 
numbers determined by Gillespie and Wasif * a value of 4g,0+ = Agso,- = 3 was estimated. 
This is only an approximation but in view of the very small mobilities of these ions is 
sufficiently accurate for our purposes. 

If the concentration of HSO, in any aqueous sulphuric acid is m*yso,-, and if the 
concentration of H,SO,* in an oleum of the same total ion concentration (?.¢., same ionic 
strength) is m°y,so,+, then it may be shown that mgso,- = m°q,so,+, and similarly that 
m*3,50,+ = M°ys0,-, M*q,0+ = Mys,0,-, and mys,.o,- = My,0+. Thus, for any given 
stoicheiometric concentrations of H,S,0, the corresponding ion concentrations can be 
obtained from Table 5 of Part XXVII.2 The ion concentrations in the corresponding 
aqueous solutions of equal ionic strength can then be obtained from the above relations. 
The stoicheiometric concentration of H,O is readily calculated (equation 7 of Part X XVII ?) 
and the corresponding conductivity obtained from the data in Part XXX.! Values of 


TABLE 1. Jon concentrations and conductivities at 10° of aqueous 
and oleum solutions of equal tonic strengths. 


m'*48,07 mMy,30,+ myso,— my,0+ my8,0,- 414530, is (10-2 ohm! cm.,~') 
0-0150 0-0158 0-0108 0-0039 0-0089 0-0100 0-617 
0-0200 0-0171 0-0099 0-0033 0-0105 0-0128 0-638 
0-0300 0-0199 0-0086 0-0025 0-0138 0-0186 0-673 
0-0400 0-0220 0-0078 0-0021 0-0163 0-0256 0-712 
0-0600 0-0263 0-0065 0-0016 0-0214 0-0402 0-784 
0-0800 0-0302 0-0056 0-0013 0-0259 0-0558 0-855 
01000 0-0335 00050 0-0012 0-0297 0-0711 0-922 
0-1200 0-0368 0-0046 0-0011 0-0333 0-0875 0-986 
m'i.0 my,s80,+ mys0,~ my,0* mys,0,~ m4,8,0, x (107? ohm" cm.~!) 
0-0020 0-0108 0-0158 0-0089 0-0039 0-0029 0-580 
0-0049 0-0099 0-0171 0-0105 0-0033 0-0023 0-580 
0-0098 0-0086 0-0199 0-0138 0-0025 0-0015 0-587 
0-0130 0-0078 0-0220 0-0163 0-0021 0-0012 0-598 
0-0191 0-0065 0-0263 0-0214 0-0016 0-0007 0-632 
0-0241 0-0056 0-0302 0-0259 0-0013 0-0005 0-666 
0-0281 0-0050 0-0335 0-0297 0-0012 0-0004 0-697 
0-0318 0-0046 0-0368 0-0333 0-0011 0-0004 0-728 


The ion concentrations were calculated on the basis of the following values for the self-dissociation 
constants: K,p = 1-7 x 10, Kiq = 3-5 x 10°, and K, = 0-014. 


ion concentrations and conductivities obtained in this way are given in Table 1. For such 
points of equal ionic strength in aqueous and oleum solutions respectively the corresponding 
“ corrected ” conductivities (x’) are given by 


(«’)° = 10°%9(mx,s0,+n,s0,+ + °Hso,-rns0,-) + + + (5) 
(’)® = 10°30(m"y,s0,+ Au,s0,+ + "as0,-™ns0,-) ee Se 
For simplicity we will write my,s0,+ = ™,, Mys0,- = M_, Ap,s0,+ = 24, aNd Agso,- = A. 


® Gillespie and Wasif, J., 1953, 209, 
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Hence 
(x)? _ me dy md. ei 
oo oe re 
Substituting p = 2,/A_, Rk = («’)°/(«’)*, and r = m°, /m*_ = m*_/m®, we have 
em (R—vyfli—t) ......4.+. & 


Values of («’)® and («’)* and the corresponding values of u are given in Table 2. The 
values of u are reasonably constant and the mean is 1-45. It appears therefore that u is 


TABLE 2. Conductivities (x’) of aqueous acids and oleums at equal tonic strengths. 





m"n,8,0; (x’)° x 10? m".0 («’)® x 10? B m*n.8,0, (x’)° x 10? ™m*n,o (x’)* x 108 7 
0-015 0-610 0-0020 0-571 1-43 0-060 0-771 0-0191 0-619 1-44 
0-020 0-631 0-0049 0-571 1-46 0-080 0-841 0-0241 0-652 1-45 
0-030 0-664 0-0098 0-578 1-42 0-100 0-906 0-0281 0-681 1-47 
0-040 0-701 0-0130 0-587 1-46 0-120 0-968 0-0318 0-710 1-49 

Mean 1-45 


independent of concentration. This is consistent with the fact that both ions conduct 
by essentially the same proton-transfer mechanism and the mobilities might therefore 
be expected to depend on the ionic strength in the same manner. 

The Composition at Minimum Conductance.—A minimum in the conductivity—concentra- 
tion curve of the H,O-SO, system occurs very slightly on the aqueous side of the com- 
position H,SO,.4 The position of this minimum depends primarily on the concentrations 
of H,SO,* and HSO,- and on the ratio of their mobilities (u). If we neglect the contribution 
of H,O* and HS,O, to the conductivity, as this has a negligible influence on the position 
of minimum conductivity, we may write 


em’ = 10%(m,4, +a). . . . . ee YD 


= 10% a_(m,n + Kip/m,) . . . . . © (10) 
where K,, = m,-m_. Hence 


dx/@m, = 10%a_(u — K,,/m,?) oa EN ae 
and at the composition of minimum conductivity @«/*m, = 0, hence » = K,,/m,? or 
m, = (K,,/u)t and m =(K,y)t. . . . . « (12) 


provided that » and 4_ are constant over the composition region near the minimum. The 
constancy of » has been demonstrated above. In the region of the composition 100% 
H,SO, the total ion concentration only changes slowly with the stoicheiometric composi- 
tion. Since it is likely that the mobility of HSO,~ is primarily dependent on the total 
ion concentration it seems reasonable to suppose that A_ will remain approximately 
independent of composition in this region. 

Thus at the composition of minimum conductivity the concentrations of H,SO,* and 
HSO, may be obtained from (11) and if (my,s0,+) — (muso,-) = 4, the concentration of 
H,0* is given by ? 

Myo+ = fa+(a2?#+4K,)}t. . . . . . . (13) 


and mys,o,- is obtained from Kjg = my,o+ .ys,0,-, Mas,0, from K,= 
Myz,c0,+ - Mys,0,-/My,s,0,, and finally the stoicheiometric concentration of water at the 
minimum is given by m*y,o = My,o+ — ™ys,0,- — ™x,s,0,, Thus the composition of 
minimum conductance may be calculated from a knowledge of the equilibrium constants 
for self-dissociation and y, the ratio of the mobilities of H,SO,* and HSO,-. It may be 


‘ Gillespie, Oubridge, and Solomons, /., 1957, 1804, 
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seen in Table 3 that, for the previously deduced values at 10° of Ky, = 1-7 x 10%, Kig = 
35 x 10°, K, = 1-4 x 10%, and » = 1-45, the predicted position of the minimum specific 
conductance at m*q,o = 0-0019 agrees well with the observed minimum at m'y,o = 0-0023. 
The agreement can, in fact, be further improved by using K,,; = 3-0 x 10° and this value 


TABLE 3. Dependence of the calculated composition of minimum conductance 
(stotchetometric concentration of water, m*y,o) on wp and Kya. 


0-0011 0-0016 0-0021 

00008 0-0013 0-0018 40° (Kyp = 3-2 x 10-4, K, = 0-014) 

5 0-0014 0-0022 0-0031 

‘0 0-0010 0-0018 0-0028 0-0015 
“5 00-0007 0-0015 0-0025 

‘0 0-0004 0-0012 0-0022 


in a 
10? Kia 1-4 1-45 1-5 Exptl. 10° Kia 1-4 1-45 1-5 Ex ptl. 
10° (Kup = 1-7 x 10°, K, = 0-014) 25° (Kap = 2-4 x 10°, K, = 0-014) 
2-5 0-0021 0-0025 0-0030 3-5 0-0016 0-0023 0-0032 
3-0 00-0017 0-0022 0-0027 4-0 0-0012 0-0020 0-0029 0-0019 
3-5 0-0014 0-0019 0-0024 0-0023 4:5 0-0009 0-0017 0-0026 
4-0 
4:5 


onc > 


is perhaps to be preferred to the value 3-5 x 10° deduced earlier from cryoscopic measure- 
ments. Since a, and A_ have the same temperature coefficient (Table 4), » would be 
expected to be independent of temperature. Thus, although a value of » = 1-5 is con- 
sistent with the observed conductivity minimum at 10°, it can be rejected as it is not 
also consistent with the position of the minimum at 25° and 40° (Table 3). The value 
u = 1-4 is unlikely as it necessitates a value of Kjg less than 2-5 x 10° and this is quite 
inconsistent with the cryoscopic data.” 

Self-dissociation Constants at 25° and 40°.—(i) The autoprotolysis constant. For solutions 
of a hydrogen sulphate at concentrations at which the autoprotolysis has been largely 
repressed, the conductivity is given to a good approximation by 


k= 102us0,- ° Myso,- ° e ° ° ° ° ° (14) 


so that for two temperatures ?’ and ¢’”’ we have 


ofa 
= Pe = a ‘ e ° ° ° ° ° e (15) 
Similarly for solutions of an acid 
kK er & 
Pr = oP, = €, . . . . . . . . (16) 


Values of «, and «_ calculated from the data in the preceding paper are given in Table 4 
for HJO-HSO,, KHSO,, H,S,0,, and HB(HSO,),. After autoprotolysis has been repressed 
these ratios become constant. For 10—25° the constant values are in the range 1-50—1-55, 


TABLE 4. Conductivity temperature coefficients «, and «_. 


(_)} (90 (a_)fo 


m H,0-HSO, KHSO, H,S,0, HB(HSO,), KHSO, 
0-000 1-81 1-81 1-81 1-81 2-96 
0-010 1-80 1-78 1-78 1-75 2-92 
0-02 1-75 1-74 1-73 1-70 2-81 
0-04 1-65 1-63 1-69 1-57 2-63 
0-06 1-60 1-58 1-66 1-53 2:51 
0-10 157 1-53 1-63 1-52 2-29 
0-14 1-56 1-51 1-64 —_ 2-17 
0-18 _ 1-49 1-62 — 2-13 
0-24 _ 1-49 1-58 — 2-14 
0-32 — 1-51 1-59 _ 2-13 
0-40 — _ 1-59 — — 
0-50 ot ote 1-59 _ - 
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except in the case of H,S,O, which more slowly approaches the slightly larger limiting 
value of 1-59, and to a good approximation «, = a_. The slightly higher value given by 
H,S,0, may be attributed to incompleteness in the repression of the self-dissociation even 
at rather high concentrations and to the temperature coefficient of the dissociation constant 
of H,S,O, which although certainly small may not be quite negligible. That «, should 
be equal to «_ is reasonable in view of the similarity in the mechanism of conduction 
by these two ions. In the following we write «, = a = «. 

The conductivity for any solution in the H,O-SO, system is given by equation (9) and 
at the minimum 

myz,s0,.+ = (Kap/)! and Mys0,- = (Kapu)t 


Therefore for any two temperatures ?/’ and ¢’’ we have 


Kmin’ 4 (Kap’/u)# + A (Kap"v)te” 


Kmint 4!” (Kap /u)# + 0 (Kap’’ pte” 
and hence 


= Pele » oe at 
Kin, = {eet vp = fe} pie 'G-at aaa 


Kain’ | Kap" ae ap 
and Kyo" /Kup* ae (ak mins” /Kmin’’)? . . . . . ° ° (19) 


Substituting («){} = 1-5, Kmin2®/«min!® = 1-81,3 and K,,!° = 1-7 x 10%, we find K,, = 
2-4 x 10%. Similarly, if we take («),9 and Kmin“/«min’® from the values for KHSO, 
solutions in Table 4, we find K,,“ = 3-2 x 10%. From these values the heat of auto- 
protolysis AH,, may be calculated to be 3-8 kcal. mole. Values of K,, and AH,, are 
summarised in Table 5. 


TABLE 5. Self-dissociation constants at 10°, 25°, and 40° and the 
heats of self-dissociation. 
10°K,, AH, 10°Kiq AHia 
Temp. (mole? kg.-?) (kcal.) (mole? kg.-?) (kcal.) 


10° 1-7 3-0 
25 . 3-4 4- 3°6 
40 3: 5-f 


(ii) The ionic self-dehydration constant. It has been shown above that the position 
of the minimum conductivity at 10° is consistent with the values of the self-dissociation 
constants and the value of the ratio » that had been previously and independently deter- 
mined. The value of the ionic self-dehydration constant, K\,, at 25° and 40° can be cal- 
culated from the observed composition of minimum conductance at these temperatures 
by using the values of K,, derived above and assuming that K, is independent of temper- 
ature. The latter assumption is reasonable in view of the negligible temperature coefficient 
found for the dissociation constants of a number of weak bases in sulphuric acid * and 
the generally rather small temperature coefficient of the dissociation constants of weak 
acids in aqueous solution.* The position of minimum conductance was calculated as 
described above for various assumed values of K,q and yw, and values were chosen which 
predicted a minimum in closest agreement with the observed values. The results of these 
calculations are summarised in Table 3. Only u = 1-45 gives satisfactory predictions of 
the position of minimum conductivity. With this value, Kj = 4-0 x 10° gives the 


* Good agreement is obtained between dissociation constants determined cryoscopically at 10° and 
conductometrically at 25°.5 


5 Gillespie and Robinson, J., 1957, 4233. 
® Gurney, “ Ionic Processes in Solution,’’ McGraw-Hill, New York, 1953. 
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minimum at m®y,o = 0-0020, and Kig = 4:5 x 10° gives it at m'g,o = 0-0017 compared 
with the observed value of m*y,o = 0-0019 at 25°. The intermediate value of 4-2 x 10% 
gives an exact fit, but it cannot of course be regarded as having been determined with 
greater accuracy than +0-05 x 10°. At 40° u = 1-45 again gives reasonable values, and 
Kia = 5-5 X 10° gives the position of minimum conductance at m*y,o = 0-0015 in agree- 
ment with experiment. Table 5 summarises the “ best ” values of K}?? at 10°, 25°, and 
40° as determined from the composition of minimum conductance. The corresponding 
value of the heat of ionic self-dehydration is AHja = 3-6 kcal. mole. 

Earlier estimates’? of K,,”° = 2-9 x 10 and AH,, = 4 kcal. mole were made on 
the basis of a more approximate treatment of conductivity data than that given above 
and they may be regarded as in reasonable agreement with the present values. Un- 
fortunately, there is not such good agreement with the more recent values given by Kirk- 
bride and Wyatt § which are as follows: K,, = 3-4 x 10%, Kig = 1-8 x 10%, AH,, = 
4:8 kcal. mole? and AH;, = 6-2 kcal. mole+. These were obtained from the heats of 
solution of potassium, ammonium, barium, and oxonium hydrogen sulphate and acetic acid 
in sulphuric acid at 25° on the assumption that the autoprotolysis and ionic self-dehydration 
are independent and that the solutions behave ideally up to at least 0-2m. Neither of these 
assumptions is in fact correct, but the latter is likely to lead to the greatest errors. Cryo- 
scopic measurements ® have shown that solutions of hydrogen sulphates deviate from ideal 
behaviour mainly because of cation solvation. These differences between different 
electrolytes would be expected to show up in the heat of solution measurements and are 
indeed reflected in the different values (varying from 3-1 to 4:5 x 10“) obtained by 
Kirkbride and Wyatt for K,, from heats of solution of different electrolytes. These 
authors state that ‘‘ the specific deviations from ideality may be large enough in some cases 
to give unreliable results and this is probably the case for Ba(HSO,),,”’ and they therefore 
rejected the value derived from the heats of solutions of Ba(HSO,),. Solutions of 
Ba(HSO,), do indeed show considerable deviations from ideal behaviour ® which are 
larger than shown by other hydrogen sulphates with simple monatomic cations, but all 
the electrolytes that have been investigated show similar, if smaller, deviations, so it 
seems likely that this method does not in fact give reliable results for any electrolyte. 
Of the electrolytes studied by Kirkbride and Wyatt, ammonium hydrogen sulphate shows 
the smallest deviations from ideal behaviour ® and so it might be expected to give the 
most nearly correct value of K,,: the value of 3-1 x 10“ obtained in this case was in 
fact the lowest value obtained by these authors and the closest to our value of 2-4 «x 10°. 
Kirkbride and Wyatt’s values for K,, and Kjq are, moreover, not consistent with the 
position of minimum conductivity. Thus, by taking K,, = 3-4 x 10%, Kig = 18 x 10°, 
and »p = 1-45 it may be shown that the conductivity minimum would be predicted to 
occur on the oleum side of the composition H,SO, at m*y,s,o, = 0-0060 rather than as 
observed on the aqueous side at m*y,o = 0-0019. We consider that our values of the 
self-dissociation constants which are consistent with both cryoscopic and conductometric 
measurement and depend primarily on measurements at low concentrations are more 
accurate than any previous values. 

Thermodynamic Constants for the Self-dissociation of Protonic Solvents.—From the data 
in Table 5 values of the standard free energies and entropies of autoprotolysis and ionic 
self-dehydration were calculated and are given in Table 6. It is of interest to compare 
these thermodynamic data for the autoprotolysis of sulphuric acid with those for the 
autoprotolysis of other protonic solvents. The latter data have been collected by Jolly ® 
and are given in Table 7 together with the present vaiues for sulphuric acid. 

Jolly discussed the entropy. of autoprotolysis of protonic solvents and pointed out that 


? Gillespie and Wasif, J., 1953, 964. 

§ Kirkbride and Wyatt, Trans. Faraday Soc., 1958, 54, 483. 
* Bass, Gillespie, and Oubridge, Part XXVIII, J., 1960, 827. 
10 Jolly, J. Amer. Chem. Soc., 1952, 74, 6199. 
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the relatively small negative value for water is consistent with a previous suggestion 4% 
that ionic entropies in water are abnormally high because of the considerable structure- 
breaking caused by an ion when it enters the strongly hydrogen-bonded structure of water, 
The still smaller negative value of the entropy of autoprotolysis of sulphuric acid could 
similarly be attributed to ions having a relatively greater disruptive effect on the very 


TABLE 6. Thermodynamic constants for the self-dissociation of sulphuric acid at 25°. 
AG° AH° AS° 
(cal./mole) (cal./mole) (cal./deg. mole) 
Autoprotolysis 4730 3400 —45 
Ionic self-dehydration 6010 3600 —81 


TABLE 7. Thermodynamic constants for autoprotolysis at 25°. 
AH? AS° AS* cxtecy 
Solvent —log Kap (cal./mole) (cal./deg. mole) (cal./deg. mole) 
3°47 3,400 —4:5 —13-7 
14-00 13,360 —19-2 — 35-2 
12-6 5,700 — 38-6 — 49-9 
16-6 11,200 —38-6 — 52-6 
18-9 11,500 — 48-0 — 60-2 
29-8 26,200 —49 — 65-3 


strongly hydrogen-bonded structure of sulphuric acid. It is possible, however, that the 
characteristic ions formed by the autoprotolysis of a protonic solvent do not have the same 
effect on the structure of the solvent as other ions. Since they differ from a solvent 
molecule only by possessing one more or one less proton, they will fit easily into the structure 
of the solvent, and it is likely that they will cause little if any disruption of this structure. 
Indeed, it seems probable that the charge of the ions will cause a strengthening of the 
hydrogen bonds around the ion and an increase in the amount of solvent structure. This 
would be accompanied by a decrease in entropy and this is consistent with the fact that 
all the observed entropies of autoprotolysis are negative. The most negative values of 
the entropy of autoprotolysis are given by weakly hydrogen-bonded solvents such as 
ethanol, in which the characteristic ions resulting from the autoprotolysis can presumably 
cause a considerable increase in the strength and the amount of hydrogen bonding. On 
the other hand, in strongly hydrogen-bonded solvents such as water and sulphuric acid 
the effect of the characteristic ions on the structure of the solvent will be relatively much 
smaller, and the entropies of autoprotolysis correspondingly small. 

It should be pointed out that it is not strictly correct to compare the conventional 
standard entropies of autoprotolysis AS° since these include a cratic term ® but we should 
compare values of AS° unitary Where 


AS°unitary = AS° — 2RIn M 


where M is the number of moles of solvent in 1000 g. These values are given in the last 
column of Table 7, and although they differ from the conventional AS° values, this does 
not affect our qualitative discussion above. 


WILit1AM RAMSAY AND RALPH ForSTER LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. [Received, January 13th, 1960.) 


MN Jolly, Chem. Rev., 1952, 50, 351. 
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843. Solutions in Sulphuric Acid. Part XXXII.* Molar Con- 
ductivities of Some Acids and Bases. Proton-transfer Conduction by 
the H,SO,* and HSO, Ions. 


By R. H. Flowers, R. J. GILLEspIE, E. A. RoBinson, and C. SoLomons. 


Molar conductivities of a number of acids and bases have been calculated 
from the experimental results of Part XXX.? The conductivities of these 
solutions are due almost exclusively to the ions H,SO,* and HSO, which 
conduct by a proton-transfer mechanism. By allowing for the small 
contribution to the conductivity from the other ions, including those resulting 
from the solvent self-dissociation, molar conductivities of H,SO,* in solutions 
of acids, and of HSO,~ in solutions of bases, have been obtained. The 
molar conductivities of these ions depend on their concentrations and also 
on the nature and concentration of the accompanying cations: this is 
discussed in terms of the proton-transfer mechanism for conduction. 
Activation energies for proton-transfer conduction in sulphuric acid are 
obtained and are compared with those for proton-transfer conduction in 
water. The apparent discrepancy between the conclusions drawn from 
cryoscopic and conductometric measurements with regard to the apparent 
incomplete dissociation of silver, thallous, and oxonium hydrogen sulphates 
is discussed. 


It has been established ! that the electrical conductivity of sulphuric acid and of solutions 
of acids and bases in sulphuric acid is due almost entirely to proton-transfer conduction 
by the ions H,SO,* and HSO,-. Values for the molar conductivities of these ions in 
various electrolyte solutions are derived in this paper and are discussed in terms of the 
proton-transfer mechanism of conduction. 

Table 1 gives molar conductivities of ammonium, oxonium, and some metal hydrogen 
sulphates, which all behave as bases, and of disulphuric acid and tetra(hydrogen sulphato)- 
boric acid, calculated from the experimental results of Part XXX ? by means of the usual 
expression A = 10%«/c, where c is the molar concentration of the electrolyte. These molar 
conductivities approach infinity at infinite dilution (see curve B, Fig. 1) because of the finite 
conductivity of the solvent. The conductivity of the solvent cannot be allowed for 
simply by subtracting it from the conductivity of the solution because the self-ionisation 
of the solvent that is responsible for this conductivity is repressed by the added electrolyte. 
It is necessary to make use of the self-dissociation constants given in the preceding paper ® 
to calculate the extent of solvent self-dissociation. The results of these calculations for 
solutions of acids and bases at 25° are given in Tables 2—5. Molal concentrations were 
converted into molar concentrations by using the densities given in Part XXIX.‘ 

The Molar Conductivity of the HSO,- Ion in Solutions of Strong Bases.—The specific 
conductance of a solution of a strong base X(HSO,),, ionising according to the equation 


X(HSO,), == X"* + nHSO,- 
is given by 


« = 10°(¢y,s0,+n,s0,+ + Caso,-Anso,- + CH,0+%n,0+ + CHs,0,-Ans,0,- + Cxt*Ax"* . (I) 


The transport numbers of univalent metal ions fall in the range 0-02—0-03 and do not vary 
appreciably with concentration over the range with which we are concerned.® Since the 


* Part XXXI, preceding pape. 


? Gillespie and Wasif, J., 1953, 221. 

? Bass, Flowers, Gillespie, Robinson, and Solomons, J., 1960, 4315. 
% Part XXXI, Gillespie, Robinson, and Solomons, preceding paper. 
* Flowers, Gillespie, and Robinson, J., 1960, 845. 

® Gillespie and Wasif, J., 1953, 209. 
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molar conductivities of univalent metal sulphates MHSO, vary from approximately 
150 at c = 0-01 to approximately 80 at c = 0-5 (Table 7), we conclude that Ay+ = 3—5§ 


over this composition range. 


TABLE 


For simplicity we will in fact assume, for all univalent 


1. Molar conductances, A, for solutions of metal hydrogen sulphates at 25°. 
108A 





a aL. 
c LiHSO, NaHSO, 


0-01 
0-02 
0-03 
0-04 
0-06 
0-08 
0-10 
0-15 
0-20 
0-25 
0-30 
0-35 
0-40 
0-45 
0-50 
0-60 
0-70 
0-80 


1-0500 
0-5340 
0-3677 
0-2863 
0-2086 
0-1723 
0-1520 
0-1253 
0-1115 
0-1022 
0-0952 
0-0899 
0-0848 
0-0803 
0-0770 
0-0705 
0-0651 
0:0605 


c 
0-02 
0-03 
0-04 
0-05 
0-06 
0-07 
0-08 
0-09 
0-10 


S. “te et Se t-te 
Nw A HH A Y 
oO & © © -©:-@ 


~ 
Nu @ 0 OF 
60065 


vA a 
Oo 9 





Molor conductivity A(HS0,), A(NH,HSO,) for curvee only 


_ 
C 


a(HSO,), 


1-0500 
0-5340 
0-3677 
0-2868 
0-2100 
0-1736 
0-1536 
0-1266 
0-1130 
0-1040 
0-0973 
0-0919 
0-0873 
0-0833 
0-0795 
0-0728 
0-0684 
0-0652 


0-5700 
0-4150 
0-3413 
0-2990 
0-2717 
0-2514 
0-2369 
0-2244 
0-2145 


O/ 


KHSO, 
1-0520 
0-5370 
0-3700 
0-2890 
0-2123 
0-1760 
0-1558 
0-1293 
0-1162 
0-1076 
0-1012 
0-0963 
0-0919 
0-0880 
0-0845 
0-0787 
0-0737 


RbHSO, CsHSO, NH,HSO, AgHSO, TIHSO,H,O-HSO, H,S,0, HB(HSO,), 


0-5400 
0-3733 
0-2925 
0-2150 
0-1800 
0-1610 
0-1340 
0-1200 
0-1112 
0-1047 
0-0994 
0-0943 
0-0901 
0-0880 
0-0807 
0-0764 


0-0696 —— 
10°A 
Sr(HSO,), 
0-5700 
0-4150 
0-3413 
0-2970 
0-2692 
0-2493 
0-2344 
0-2222 
0-2125 


L 
0-2 


O-3 
c(/e for curve only) 


0-5400 
0-3733 
0-2913 
0-2142 
0-1800 
0-1610 
0-1347 
0-1205 
0-1114 
0-1050 
0-1006 
0-0965 
0-0928 
0-0894 
0-0833 
0-0787 


- 
Ba(HSO,). 


0-5775 
0-4267 
0-3525 
0-3090 
0-2817 
0-2636 
0-2463 
0-2361 
0-2265 


1-0530 
0-5380 
0-3710 
0-2903 
0-2130 
0-1774 
0-1590 
0-1327 
0-1188 
0-1098 
0-1037 
0-0987 
0-0946 
0-0910 
0-0878 
0-0823 
0-0777 





1-0530 
0-5380 
0-3700 
0-2888 
0-2108 
0-1744 
0-1545 
0-1280 
0-1145 
0-1060 
0-0998 
0-0950 
0-0905 
0-0873 
0-0830 
0-0770 
0-0724 
0-0684 


jeeinninunts 
c Ca(HSO,), 


0-12 
0-14 
0-16 
0-18 
0-20 
0-24 
0-28 
0-32 





~on_F 
xc icin 
So 
, ie. 
== : 
0-4 O'S 


Fic, 


9 
-~, 


0-5400 
0-3733 
0-2925 
0-2150 
0-1800 
0-1605 
0-1360 
0-1225 
0-1134 
0-1063 
0-1007 
0-0966 
0-0929 
0-0896 
0-0835 
0-0789 


0-1991 
0-1914 


, 0-1831 


0-1722 
0-1615 


~0-1467 


0-1364 
0-1269 


1-0460 
0-5305 
0-3633 
0-2825 
0-2082 
0-1735 
0-1530 
0-1273 
0-1142 
0-1056 
0-0998 
0-0947 
0-0900 
0-0864 
0-0830 
0-0772 
0-0724 


1-0540 
0-5340 
0-3630 
0-2785 
0-1948 
0-1531 
0-1281 
0-0949 
0-0777 
0-0671 
0-0596 
0-0541 
0-0498 
0-0463 
0-0434 
0-0388 
0-0353 


0-0680 — 


DT a 

Sr(HSO,)s 
0-1996 
0-1900 
0-1816 
0-1678 
0-1600 
0-1467 
0-1357 
0-1261 


1-0510 
0-5365 
0-3700 
0-2908 
0-2143 
0-1800 
0-1611 
0-1359 
0-1196 
0-1140 
0-1040 
0-0960 
0-0900 
0-0842 
0-0792 
0-0705 
0-0617 


ee egg 

Ba(HSO,), 
0-2108 
0-1993 
0-1931 
0-1789 
0-1708 
0-1569 
0-1452 
0-1350 


1. Molar conductivities of metal 
hydrogen sulphates. 


e = 80, d= 10; 
ad = 2; curve4,c = 804 = 2. 
A, B,C, NH,; D, K; E, Na; F, Li. 


-10 units. 


Eqn. (8): curve l1,e = 100, 4 = 10; curve 
curve 3, e = 100, 


Curves C, D, E, and F are successively dis- 
placed vertically by - 


ions (X*), excepting H,SO,* and HSO,-, but including in particular H,O* and HS,O,~, 


and for all concentrations in the range with which we are concerned, that Ax+ = 5. 


This 
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is probably an upper limit and for some ions and some concentrations Ax+ may well be 
smaller than this. However, since Ax+ is very much smaller than dAgso,- even a 100% 


TABLE 2. Molal concentrations of species for the strong acid—sulphuric acid system at 25°. 


m my,s0,! mMys0,~ mMy,0+ Mys,0,— My .8,0; ma- 
0-000 0-0135 0-0178 0-0088 0-0045 0-0043 0-0000 
0-010 0-0180 0-0133 0-0096 0-0042 0-0054 0-01L00 
0-020 0-0237 0-0101 0-0103 0-0039 0-0064 0-0200 


0-040 0-0376 0-0064 0-0121 0-0033 0-0088 0-0400 
0-060 0-0535 0-0045 0-0139 0-0029 0-0110 0-0600 
0-120 0-1060 0-0023 0-0185 0-0022 0-0163 0-1200 
0-180 0-1609 0-0015 0-0224 0-0018 0-0206 0-1800 
0-240 0-2170 0-0011 0-0257 0-0016 0-0241 0-2400 
0-360 0:3305 0:0007 0-:0314 0-0012 0-0302 0-3600 


TABLE 3. Molal concentrations of species for the strong base-sulphuric acid system at 25°. 
m mi,s0,+* mMys0,- mMuy,o' 48,0,~ M8207 my 


0-000 0-0135 0-0178 0-0088 0-0045 0-0043 0-0000 
0-010 0-0102 0-0237 0-0083 0-0048 0-0035 0-0100 


0-020 0-0078 0-0308 0-0080 0-0050 0-0030 0-0200 
0-040 0-0051 0-0471 0-0074 0-0054 0-0020 0-0400 
0-060 0-0037 0-0653 0-0072 0-0056 0-0016 0-0600 
0-120 0-0019 0-1229 0-0068 0-0058 0-0010 0-1200 


0-180 0-0013 0-1819 0-0066 0-0060 0-0006 0-1800 
0-240 0-0010 0-2413 0-0065 0-0062 0-0003 0:2400 
0-360 0-0007 0-3608 0-0064 0-0063 0-0001 0-3600 


TABLE 4. Molal concentrations of spectes for the disulphuric acid—sulphuric acid system 

at 25°. 

m 80,4 + Myso,.~ my,o+ Mys,0,- 4,80, m My,s0, + Muyso,~ my,0 + tH3,0,- 4.8.0, 
0-000 0-0135 0-0178 0-0088 0-0045 0-0043 0-120 0-0378 0-0064 0-0012 0-0326 0-0885 
0-010 0-0163 0-0147 0-0056 0-0072 0-0084 0-180 0-0462 0-0050 0-0009 0-0421 0-1387 
0-020 0-0189 0-0127 0-0040 0-0102 0-0138 0-240 0-0536 0-0045 0-0007 0-0498 0-1907 
0-040 0-0236 0-0102 0-0023 0-0157 0-0265 0-360 0-0661 0-0036 0-0006 0-0631 0-2978 
0-060 0-0277 0-0087 0-0019 0-0209 0-0412 


TABLE 5. Molal concentrations of species for the water—sulphuric acid system at 25° 
(water is assumed to be fully ionised). 

m M™y,s0,+ “yHso,- ”H,0+ H8,0,- ™H,5,0, m my,so,+ Mys0,- H,0+ %H8,0,- %H,8,0, 
0-000 0-0135 0-0178 0-0088 0-0045 0-0043 0-120 0-0019 0-1223 0-1204 0-0003 0-0001 
0-010 0-0106 0-0226 0-0147 0-0027 0-0020 0-180 0-0014 0-1814 0-1802 0-0002 0-0000 
0-020 0-0082 0-0291 0-0227 0-0018 0-0010 0-240 0-0010 0-2410 0-2402 0-0002 0-0000 
0-040 0-:0053 0-0456 0-0412 0-0009 0-0003 0-360 0-0007 0-3607 0-3601 0-0001 0-0000 
0-060 0-0038 0-0640 0-0609 0-0007 0-0002 


error in any of the Ax+ values would not cause an error of more than a few units % in 
dyso,-- The transport numbers of bivalent metal ions M?* have been found to be of the 
order 0-01, and therefore we assume Ay? = 1-5. 

We may now calculate a “ corrected conductivity ”’ for any base 


Kk’ = K — (Cg,0+An,o+ + CHs,0,-Ans,0,- + Cx™*Ax') 
= Cyso,-Anso,- + Cx,80,+An,s0,+ ete tle. WANS) «ion 
It has been shown in the preceding paper* that, independently of concentration, 
An,so,+/Auso,- = 1-45. Hence 
kK’ =A (1-45¢q,s0,+ { Cys0,-) ° ° ° . . ° (3) 
Where »_ = Ayxo,-. Table 6 gives values of x’ calculated from equation (2) by using the 


experimental « values given in Part XXX 2 and the concentrations of species given in 
Tables 3 and 5. The values of 4_ given in Table 7 were calculated by means of equation 
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(4) from these values of x’ and the concentrations of H,SO,* and HSO,~ given in Tables 
3 and 5. 

Fig. 1 shows values of a_ for NH,HSO,, KHSO,, NaHSO,, and LiHSO, plotted 
against Cyso,-, and for NH,HSO, plotted against +/cyso,-. The plots against cygo- 
appear to be approximately linear at concentrations below 0-1 and can be extrapolated 
to Cyso,- = 0, giving a value of »_° = 170 in each case. Similar plots were made for all 
the other hydrogen sulphates investigated and they were all very similar to those shown 
and extrapolated to the same value of 4_® in each case. The more conventional plot of 
» against +/cyso,- appears to be S-shaped and is difficult to extrapolate. The lowest 
concentration than is accessible in sulphuric acid, cyso,- = 0-0178, is, in fact, already 


TABLE 6 Conductivities (x' x 10*) corrected for the contribution due to ions other than 
H,SO,* and HSO,. 

m LiHSO, NaHSO, KHSO, RbHSO, CsHSO, NH,HSO, AgHSO, TIHSO, 
0-000 1-032 1-032 1-032 1-032 1-032 1-032 1-032 1-032 
0-005 1-034 1-034 1-034 — 1-034 1-034 —_— 
0-010 1-046 1-049 - — 1-049 1-048 . 
0-015 1-067 1-075 — — 1-075 1-074 
0-020 1-098 ° 1-109 - 1-112 1-107 
0-030 1-185 . 1-201 22 1-221 1-208 1-196 
0-040 1-289 “2 1-309 ° 1-343 1-318 1-301 
0-060 1-516 ° 1-560 : 1-606 1-569 1-542 
0-080 1-755 ° 1-817 87 1-901 1-844 1-797 
0-100 2-000 ; 2-075 2-158 2-189 2-114 2-056 2-223 
0-120 2-236 2-266 2-331 2-426 2-471 2-371 2-301 2-506 
0-140 2-458 2: 2-573 2: 2-738 2-623 2-533 2-773 
0-160 2-655 2: 2-800 2-925 2-995 2-860 2-760 3-035 
0-180 2-847 2- 3-017 3- 3'247 3-087 2-952 3-287 
0-200 2-999 O78 3-224 , 3-489 3-304 3-169 3-539 
0-240 3-328 , 3-608 , 3-038 3-723 3-548 3-998 
0-280 3-607 p 3-952 , 4-362 4-097 3-922 4-437 
0-320 3-846 P 4-266 “€ 4-746 - 4-156 4-851 
0-360 - . _- 96: 5-135 — — 5-225 
0-400 - - 5-195 5-405 — - 5-495 


H,O-HSO, H,O-HSO, 

m Ky=o Ky=1 H,S,0, HB(HSO,, m™  Ca(HSO,), Sr(HSO,), Ba(HSO,), 
0-000 1-032 1-032 1-032 1-032 0-00 1-032 1-032 1-032 
0-005 1-032 1-032 1-040 1-038 0-01 1-122 1-122 1-122 
0-010 1-043 1-043 1-054 1-046 0-02 1-337 1-337 1-359 
0-015 1-066 1-066 1-072 1-076 0-03 1-571 1-554 1-610 
0-020 1-096 1-096 1-092 1-115 0-04 1-805 1-784 1-858 
0-030 1-180 1-180 1-139 0-05 2-042 2-014 2-108 
0-040 1-291 1-291 1-188 0-06 2-284 2-234 2-354 
0-060 1-546 1-546 1-287 0-07 2-508 2-448 2-598 
0-080 1-808 1-808 1-383 . 0-08 2-696 2-641 2-806 
0-100 2-072 2-072 1-475 0-09 2-880 2-825 3-005 
0-120 2-320 2-320 1-562 0-10 3-053 2-993 3-193 
0-140 2-560 2-561 1-643 0-12 3-360 3-290 3-525 
0-160 2-792 2-793 1-719 0-14 3-547 3-487 3-742 
0-180 3-012 3-013 1-791 3-834 3-774 4-054 
0-200 3-224 3-226 1-859 4-036 3-981 4-281 
0-240 3-606 3-608 1-988 4-218 4-168 4-478 

0-280 3-958 3-968 2-102 

0-320 4-274 4-296 2-208 

0-360 4-568 4-604 2-303 

0-400 4-838 4-885 2-369 
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higher that the concentration at which the plot of »_ against 1/c might be expected to 
be linear. 

The Molar Conductivity of the H,SO,* Ion in Solutions of Acids.—For an acid HA 
ionising according to the equation 


MA-+ 200s MAO AT 8 ce ee 
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, 


we have x’ = « — (cy,0+2n,0+ + CHs,0,-Ans,0,- + Ca-Aa-) 
_— CH,s0,* An,so,+ oe CHso,— Ayso,- ° e e e © (5) 
and since Ag,s0,+/*xs0,- = 1-45 


we have x = i, (Cu,s0," ao Cyso,—/1-45) e : ‘ P ° ° (6) 
where A, = An,so," 

Table 6 gives values of x’ calculated from equation (5) by using the experimental « values 
given in Part XXX * for H,S,O, and HB(HSO,), and the concentrations of species given 
in Tables 2 and 4, it being assumed that HB(HSO,), is a strong acid. Values of 4, were 
then calculated by means of equation (6). These values are given in Table 8 and are 
plotted against cy,s0,+ in Fig. 2. These plots are linear at low concentrations, like those 





250 


\ 
° 
° 


Fic. 2. Molar conductivities of (A) H,S,0, and 
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of Agso,- against cyso,-, and can be extrapolated to cg,so,+ = 0, giving 1,° = 245 for 
HB(HSO,), and 2,° = 232 for H,S,0,. We can also obtain a value for 1,° from the 
relation 4,° = 1-452_° = 247 which is in very good agreement with the value obtained 


TABLE 7. Values for the mobility of the HSO,- ion (2_) in solutions of 
hydrogen sulphates. 
=e : ee ee H,O H,O 
K Rb , NH, Ag Tl Ky=2 Ky,p=1 
0-000 ° 151-2 151-2 ° 151-2 151-2 151-2 151-2 151-2 
0-010 : 149-0 - 149-0 149-6 — 149-8 149-9 
0-020 } 144-0 —- — 144-8 144-2 — 146-5 147-3 
0-040 , 131-7 135-5 , 132-8 131-1 135-5 131-7 136-6 
0-060 , 119-4 121-5 125-3 , 122-3 120-4 125-9 121-8 125-1 
0-120 P 99-8 102-7 106-9 , 104-6 101-3 110-7 101-7 110-4 
0-180 P 87-7 91-4 96-1 , 93-7 89-4 99-7 90-2 101-6 
0-240 , 79-3 83-2 89-0 ° 86-1 81-7 92-5 81-7 94-2 
0-360 - 65-9 — 78-0 ~- — 82-2 69-5 —_— 


from the HB(HSO,), results. The lower value obtained from the H,S,O, results is 
probably due to the fact that higher polysulphuric acids are present to an increasing 
extent with increasing concentration. Since these higher polysulphuric acids seem to 
be stronger acids than disulphuric acid,* the H,SO,* concentration is probably greater 
than that calculated from the dissociation constant K, = 0-014 for disulphuric acid. 
Hence the apparent 2, values would be expected to be increasingly greater, as cy,s,0, 
increases, than the true values, and consequently the plot of 4, against cg,so,+ might have 


* Gillespie, J., 1950, 2516. 
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a smaller slope than expected and would extrapolate to give a low value of 1,°. Thus we 
assume that 2,° = 245 is the better value but it is difficult to give any estimate of the 
probable error. 


TABLE 8. Values for the mobility of the HzSO,* ion (2,) in solutions of acids, 
m  H,S,0,* HB(HSO,,t m  4H,S,0,* HB(HSO,),t  m  H,S,0,* HB(HSO,),+ 


0-000 219-2 219-2 0-04 212-4 172-7 0-18 197-6 105-1 
0-010 218-9 210-5 0-06 209-5 154-2 0-24 191-9 82-1 
0-020 215-8 198-8 0-12 202-0 124-6 0-36 183-7 63-5 


* K,= 0-014. f Assuming K, = ©. 


Comparison of >_ Values with the Robinson and Stokes Conductance Equation.—For the 
relatively high concentrations with which we are concerned in sulphuric acid it is necessary, 
for comparison with our experimental results, to use a modified form of the Debye—Hiickel- 
Onsager equation such as that proposed by Robinson and Stokes.? This equation makes 
use of Falkenhagen, Leist, and Kelbg’s calculation § of the effect of the finite size of ions 
on the conductivity, but it differs slightly from the equation proposed by Falkenhagen 
et al. themselves, as these authors based their equation on a distribution function due to 
Wicke and Eigen,® while Robinson and Stokes’s equation is based on the usual Boltzmann 
distribution function. For our purposes the difference is negligible and we shall use the 
slightly simpler equation of Robinson and Stokes which, for a 1 : 1 electrolyte, is as follows: 

— (a _ Bye ) ‘ ( _ Bye ’ — =a *) (7) 
a=\°~ 1+ Baye 1 — Bay/c 0-2929Bav/c 


where A is the molar conductivity at concentration c, A, is that at infinite dilution, B = 
50-29(eT)/?, B, = 8-204 x 105(eT) 9, B, = 82-5/[n{eT)"], d is the mean diameter of 
anion and cation, ¢« is the dielectric constant, and 7 is the absolute temperature. The 
term in the first parentheses gives the diminution in the molar conductivity due to the 
electrophoretic effect, and that in the second parentheses is due to the relaxation effect. 
Substituting « = 100, 7 = 298° Kk, » = 24:54," and d@=10, and assuming that 
Auso,- = Ayuso, We may write for the hydrogen sulphate ion 


cca (0° _ _10s8y/c page... f ah « 

HO.” = \ * 80" ~ 1 7-2900,/c) * ( ~ T+ 2-900V/c  0-84934/c ) (8) 

The conductivity curve for the hydrogen sulphate ion calculated by means of this equation 
is shown in Fig. 1. It may be seen that it predicts a very much smaller decrease in the 
equivalent conductivity with increasing concentration than that actually observed. The 
value of d = 10 was obtained previously from cryoscopic measurements on solutions of 
the same electrolytes. However, even if a much smaller value, such as d = 2, is used 
the change in the predicted conductivity curve is relatively slight and no agreement with 
the experimental curves can be obtained with any positive value of d. It is just possible 
that the dielectric constant could be in error ® but the value cannot be less than that for 
water, and even if we take e = 80, and d = 2, there is still a very large discrepancy between 
the predicted and the observed curves. It is uncertain whether or not a correction should 
be made for the change in the viscosity of the solutions, or how such a correction should 


7 Robinson and Stokes, ‘‘ Electrolyte Solutions,” Butterworths, 1955, p. 151. 

® Falkenhagen, Leist, and Kelbg, Ann. Phys., 1952, 51, 11. 

® Wicke and Eigen, Z. Elektrochem., 1952, 56, 551; 1953, 57, 319. 

1” Gillespie and Cole, Trans. Favaday Soc., 1956, 52, 1325; Gillespie and White, Trans. Faraday 
Soc., 1958, 64, 1846. 

1! Gillespie and Wasif, /., 1953, 215. 

"2 Bass, Gillespie, and Oubridge, /., 1960, 887. 
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be made," but even if the conductivity is multiplied by the relative viscosity ™ the 
effect is in general quite small and in no case can it account for more than a small part of 
the observed difference between the predicted and the observed conductivity curves. 
The conductivity of aqueous hydrogen chloride solutions is mainly due to proton-transfer 
conduction by the hydronium ion," and a similar although somewhat smaller discrepancy 
between the values predicted by equation (7) and observed conductivities has also been 
found for such solutions at concentrations above c = 0-1, although this equation accurately 
predicts the conductivities of several metal chlorides up to high concentrations.“ 

Proton-transfer Conduction in Sulphuric Acid.—It is evident therefore that equation (7) 
does not hold for proton-transfer conduction. The mechanism of this process consists of 
(a) the orientation of solvent molecules around the conducting ions and the formation of 
suitable hydrogen bonds along which proton transfer can occur, and (b) the transfer of 
protons along these hydrogen bonds—in sulphuric acid from a sulphuric acid molecule to a 
hydrogen sulphate ion or from a sulphuric acidium ion to a sulphuric acid molecule. There 
now seems to be reasonably good evidence © that (a) is the rate-determining step of this 
process in liquid water, and it is probable that this will also be the case in sulphuric acid. 
The proton-transfer process for the H,SO,* ion in sulphuric acid can be represented 
diagrammatically as in (A) which shows a succession of proton transfers along a hydrogen- 
bonded chain of suitably oriented sulphuric acid molecules. After successive proton 
transfers have occurred along this chain, the molecules are left with a different orientation 
and no further proton transfers can take place in the same direction until the sulphuric 
acid molecules again have a suitable orientation. 


(A) 


HO , /OH +++ Ox /OH+++Ox. /OH=++OxX OH 
a> aan Nd Ss. 
O7% OH ---O7 OH--- 07 OH ---O7 OH 


Y 


HO\ OH +++ Ox, JOH++-Ox /OH--+OX OH 
Aes SS. ass x 


f7>~n 


oF So..-HO~ SoH---0o7% \oH---07% SoH 


Y 


HO\, 0H -+-OX OH -+- On JOH +++ ON, JOH 


Orr PX N 


4 S\ 

OY ‘O.--+HO O---HO” ‘o..-HO” SoH 

It has been suggested by Onsager ' that for aqueous solutions the effect of other ions 
on the conductivity of the hydronium ion can be attributed to the fact that some of the 
water molecules will have fixed orientations around ions and will not therefore have the 
freedom of rotation necessary for them to take part in proton-transfer conduction. Since 
it has been shown * 12 that ions in sulphuric acid are solvated just as they are hydrated in 
water, the decrease in the conductivity of the hydrogen sulphate ion with increasing 
electrolyte concentration may be similarly explained as being caused by the “ tying-up ” 
of solvent molecules in the solvation shells of ions. These molecules are presumably 
unable, or at least less able, to participate in the proton-transfer. Thus a hydrogen 
sulphate ion will less frequently encounter a suitably oriented sulphuric acid molecule and 
the conductivity of the hydrogen sulphate ion will be correspondingly decreased. 

This explanation also accounts for the specific effects of different cations which will 
depend on the extent of their solvation. Table 9 lists all the cations, the conductivities 


#8 Stokes, ‘‘ The Structure of Electrolyte Solutions,” Edited by Hamer, Wiley, 1959, p. 298. 
4 Ref. 7, pp. 153, 362. 
® Eigen and de Maeyer, “ The Structure of Electrolytic Solutions,’’ ed. Hamer, Wiley, New York, 
1959, p. 64. 
1% Onsager, Ann. New York Acad. Sci., 1945, 46, 265. 
7A 
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of whose hydrogen sulphates have been measured, in order of decreasing molar con- 
ductivity and therefore presumably of increasing extent of solvation. Solvation numbers 


TABLE 9. Comparison of the relative extent of cation solvation as deduced from conductivity 
measurements with solvation numbers obtained from cryoscopic and density measure- 
ments. 

pry Solvation numbers ) Solvation numbers 
Cation cy+=0-2 Cryoscopy Density Cation cy+=0-2 Cryoscopy Density 
97-5 86-9 2-1 5 
96-3 - Yi 84-4 , 
93-4 a 82-3 
90-9 . 63-2 
88-5 . ; 59-2 
87-2 (98-5 *) : , 58-6 
* Assuming Ky, = 1. 


of the cations deduced from freezing-point !* and density measurements *" are also given. 
It may be seen that the order of decreasing solvation of the cations given by these two 
methods agrees closely with that suggested by conductivity measurements, and this 
provides strong support for the above explanation of the decrease in molar conductivity 
of the hydrogen sulphate ion with increasing concentration and the specific effects of 
different cations. 

However, the differences between the different metal hydrogen sulphates are relatively 
small, while there is a large difference between all the observed curves and that predicted 
by equation (8). This appears to imply that all the cations are extensively but slightly 
differently solvated. If this is so, the solvation must be of a different kind from that 
measured in the freezing-point 12 and density measurements." The latter apparently 
measure only primary solvation, and the solvation numbers refer just to those molecules 
held tightly in the first solvation layer, while conductivities give a measure of primary 
plus secondary solvation which extends less strongly over a number of solvent layers around 
the ion. If we make the simple assumption that the conductivity is proportional to the 
concentration of “ free ’’ sulphuric acid molecules, t.e., molecules that are not part of the 
solvation layers, so that 

9 eee co tration of "free — HS0, (9) 

“~ “ean: (8) “total concentration of H,SO, mE 
then solvation numbers of the order of 35—40 are needed to account for the observed 
conductivity at c = 0-1, decreasing to 10—12 atc = 1. However, part of the conductivity 
decrease can be attributed to the fact that any solute must, to some extent at least, occupy 
sites in the liquid that would be otherwise occupied by sulphuric acid molecules, so that 
when a hydrogen sulphate ion arrives at an adjacent site, no proton is available for it to 
accept and thus the proton-transfer process is hindered and the mobility of the hydrogen 
sulphate ion correspondingly decreased. Even the hydrogen sulphate ion itself will 
behave in this way since when two hydrogen sulphate ions arrive on adjacent sites no 
proton transfer can occur. We may write 


eS a se 


where # represents the average probability, in a solution of a base, that a hydrogen sulphate 
ion can acquire a proton from an adjacent sulphuric acid molecule, and /® the average 
probability in the pure solvent. For large solute molecules p would be expected to 
decrease with increasing molecular size and this is probably the main reason for the 
observed differences in the conductivities of various ketones.2 It does not seem possible 
at present to make even a semiquantitative calculation of this probability factor, which 
will include the solvation effect discussed above, but it is evident that its value will decrease 
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with increasing concentration of the electrolyte, or of any other electrolyte or non- 
electrolyte. 

We have no direct evidence that, apart from this probability factor, the conductivity 
would be given by equation (8), but Robinson and Stokes have argued ?” that it should be, 
and this equation does appear to hold for aqueous hydrogen chloride solutions at concen- 
trations up to c= 0-1. The molecularly equivalent concentration in sulphuric acid is 
c = 0-03, and as the concentration of HSO,~ in H,SO, itself is 0-018, because of the solvent 
self-dissociation, it is not possible to test directly the applicability of equation (8) to 
sulphuric acid solutions. Because of the high dielectric constant and high viscosity of 
sulphuric acid, the effect of the factors considered in equation (8) is in any case considerably 
less than the effect of the probability factor discussed above. 

Comparison of Proton-transfer Conductivities in Sulphuric Acid and Water.—Values 
of the molar conductivities of H,SO,* and HSO,~ are summarised in Table 10, which gives 


TABLE 10. Proton-transfer mobilities in water and sulphuric acid at 25°. 
H,SO, H,O 
r° Ale Ae x. A°, 
170 150 200 76-4, 55-4° 124—145 
245 220 : 90,° 73-5,4 38-6 *  260—311 
© Calc. from the self-diffusion coefficient for water. @ N%K+. © A+. 


both the values extrapolated to infinite dilution (4°) and the values for 100°, H,SO, (a). 
The extrapolated values may be regarded as somewhat uncertain in view of the lack of any 
theoretical justification for the extrapolation. The molar conductivities (d°) are 
predominately due to proton-transfer conduction (,®,) but they do contain a small 
contribution due to normal diffusion conduction (2®,), .e., 2° = 2», + 2,. The contribu- 
tion of the normal diffusion mechanism to the molar conductivity (2°,) is very probably of 
the same order of magnitude as that for other ions, 7.e., 2°, ~ 5. This is comparable with 
the possible error in the molar conductivities and we will not therefore correct for it but 
will assume that the experimental values given in Table 10 are entirely due to proton- 
transfer conduction. 

It is interesting to compare these values with the limiting molar conductivities of the 
H,O* and OH~ ions in water, which are also given in Table 10. These values contain a 
substantial contribution from the normal or diffusion mechanism of conduction which 
is much more important in water than in sulphuric acid because of the much smaller 
viscosity of water. It is difficult to make an accurate allowance for the normal contribu- 
tion to the conductivity. In the case of H,O* it has been common practice ' to assume 
that the normal mobility is the same as that of Na* (x9 = 50-1) but there seems to be 
little real justification for this. The radius of the H,O* ion is approximately 1-4 A which 
is more nearly equal to that of K* or NH,* for both of which 2° = 73-5. On the other 
hand, there is good evidence 1 that H,O* is solvated by three water molecules while 
both K*+ and NH,* are solvated by less than one water molecule,!® and the solvated ions 
would therefore be much smaller than the solvated H,O*. From this point of view 
comparison with Li* (2° = 38-7), for which a solvation number of 3-4 has been suggested,}® 
would be more reasonable, This is supported by the fact that several properties of the 
H,0* ion in aqueous solution are closely similar to those of Li*.45 Robinson and Stokes 
have suggested that the normal diffusion mobility of the H,O* ion should be approximately 
the same as the diffusion mobility of a water molecule in liquid water which may be 
calculated from the self-diffusion coefficient. This leads to the value 2”, = 90. Thus 


” Ref. 7, p. 360. 

18 Hiickel, Z. Elektrochem., 1928, 34, 540. 

1%” Glueckauf, Trans. Faraday Soc., 1955, §1, 1235. 
© Ref. 7, p. 116. 
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although a value of 300 is often given for 2°,(H,O*), a number of values in the range 260— 
311 seem equally probable. In the case of OH~ the normal contribution to the conductivity 
has often been assumed to be equal to that of Cl~ (2° = 76-4) but it was suggested by 
Wannier *! that it is more likely to be about the same as that of F~ (4° = 55-4) whichis 
much more nearly the same size as OH~. However, this ignores the possibility of differences 
in the extents of solvation of OH~ and F~. We can conclude that proton-transfer molar 
conductivities are of the same order of magnitude in both sulphuric acid and water but in 
neither solvent are they known very accurately. 

Because the hydrogen bonds in sulphuric acid are probably stronger and shorter than 
those in water it is reasonable to assume that proton transfer along such hydrogen bonds 
will be at least as fast as in water. Thus it is probable that in sulphuric acid, as in water, 
the rate-determining step of the proton-transfer conduction is the orientation of solvent 
molecules and the formation of hydrogen bonds. This process is evidently hardly affected 
by the high viscosity of sulphuric acid and it cannot therefore involve the same amount 
of hydrogen-bond breaking and formation as in the viscous flow of sulphuric acid. 

It is noteworthy that HSO,~ has a smaller proton-transfer mobility than H,SO,* in 
H,SO, just as OH™ has a smaller proton-transfer mobility than H,O* in water. On the 
assumption that proton transfer is the rate-determining step of proton-transfer conduction, 
Gierer and Wirtz * explained the difference in the conductivities of H,O* and OH” in 
water as being due to the fact that proton transfer for H,O* occurs between essentially 
neutral oxygen atoms while for OH™ it occurs between negatively charged oxygen atoms 
and the latter process would be expected to have a higher activation energy. Similar 
considerations would be expected to apply to conduction by H,SO,* and HSO,~ in H,S0,. 
The ratio (2°,),/(2°_)» is 2-2 for water but only 1-45 for sulphuric acid. This difference 
could be plausibly accounted for on the grounds that the charge on HSO,~ is more dispersed 
than in OH~ and thus the charges on the oxygen atoms between which the proton moves 
are smaller for HSO,~ than OH~. It is probable, however, that proton-transfer is not 
the rate-determining step and thus the differences in the mobilities of the lyonium and 
lyate ions in the two solvents must probably be explained in another way. Presumably, 
the orientation of a solvent molecule in the immediate vicinity of a lyonium or a lyate ion 
and subsequent hydrogen-bond formation is faster for the lyonium ion than for the lyate 
ion. From simple electrostatic considerations this seems plausible, but it does not seem 
possible to make any quantitative calculations until we have considerably more knowledge 
of the structure of these solutions. 

Activation Energies for Proton-transfer Conduction.—Apparent activation energies, E, 
for the proton-transfer conduction process can be obtained from the expression 


ee. i eS ae 


where 4 is the molar conductivity of either the lyonium or lyate ion and A is a non-exponen- 
tial factor. By using values of the temperature coefficients «, and «_ obtained from 
Table 4 of the preceding paper,? apparent activation energies for the temperature 


TABLE 11. Arrhenius parameters for proton-transfer conduction. 
E (kcal./mole) 10°°A FE. (kcal./mole) 10°°A 
10—25° 25—40° 10—25° 25—40° 10—25° 25—40° 10—25° 25—40° 


HSO, 45 42 40 2.1 H,Ot 2 23 O21 O16 
H,S0,{ 780," 4-5 4-2 2-8 L- HO{GoH- 3. 28 O22 0-26 


5 
5 


ranges 10—25° and 25—40° were calculated from equation (11) and are given in 
Table 11. Since it has been shown? that «, = «_, it follows that E, = E_. It is 
interesting to compare these values with the activation energies for the proton-transfer 


*1 Wannier, Ann. Physik, 1935, 24, 545. 
“2 Gierer and Wirtz, Ann. Physik, 1949, 6, 257. 
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conduction of H,O* and OH™ in water. These were calculated from the appropriate 
molar conductivities on the assumption that 


(2°p)u,0' = uot — zit 
(2°,)on- = Mon- — r%p- 


and are also given in Table 11. It may be seen that the apparent activation energies are 
greater for H,;SO,* and HSO,~ in sulphuric acid than for H,O* and OH~ in water. Since 
the actual values of the molar conductivities are of the same order of magnitude in sulphuric 
acid and water, it follows that the non-exponential factor A must be greater in sulphuric 
acid than in water. These values of A are also given in Table 11. 

The values given in Table 11 have been called apparent activation energies because 
they probably do not refer to a single process; however, it seems likely that the most 
important activated process is the reorientation of solvent molecules in the neighbourhood 
of an ion and the associated formation and breaking of hydrogen bonds. This will be more 
difficult and therefore have a higher activation energy in sulphuric acid than in water 
because of the greater number and strength of hydrogen bonds in sulphuric acid than in 
water. Because of the extensive and strong hydrogen-bonding in liquid sulphuric acid, 
it is likely that there are extensive regions of more or less ordered structure through which 
protons are rapidly transferred, and only occasionally at some defect in the structure is 
it necessary for any reorientation of solvent molecules and hydrogen-bond formation to 
occur. This is consistent with the non-exponential A factor’s being relatively large for 
proton-transfer conduction in ‘sulphuric acid. 

For both H,SO, and H,O the activation energies for proton-transfer conduction 
decrease with increasing temperature which may be attributed to easier reorientation of 
solvent molecules as the solvent structure is broken up by increasing thermal motion. 
Breaking-up of the solvent structure will hinder the proton-transfer process, and the 
value of A decreases correspondingly, but the decrease in the activation energy is more 
important and the proton-transfer conductivities increase with increasing temperature. 
It has been shown by Gierer and Wirtz * that for water at a sufficiently high temperature 
the conductivities of H,O* and OH~ pass through a maximum and thereafter decrease 
with increase in temperature, presumably because the breaking-up of the solvent structure 
has then become the most important factor in determining the rate of proton-transfer 
conduction. 

The Incomplete Dissociation of Silver, Thallous, and Oxonium Hydrogen Sulphates.— 
It has been concluded from cryoscopic measurements ™* that silver, thallous, and 
oxonium hydrogen sulphates are incompletely dissociated. This conclusion was based 
on the observation that these electrolytes have osmotic coefficients which are less than 
unity and decrease with increasing concentration up to the highest concentrations 
investigated, whereas all the other electrolytes that have been investigated have osmotic 
coefficients which, after decreasing to a minimum, increase with increasing concentration 
to values greater than unity. Osmotic coefficients greater than unity can be easily accounted 
for in terms of solvation of the cations, while the anomalously low osmotic coefficients 
could be attributed to “ negative-solvation,”’ 7.e., breaking-up of the solvent structure by 
the cation, or to incomplete dissociation. Now although the large thallium ion, which 
density measurements * indicate is not solvated, may be a structure-breaking ion, this is 
unlikely to be the case for the smaller Ag* and H,O* ions which density measurements * 
show to be solvated (Table 9). Thus for these two ions at least incomplete dissociation 
seems to be the only explanation of the anomalously low osmotic coefficients of their 
solutions. ' 

No indication of incomplete dissociation, however, appears in the conductivities of 
solutions of the hydrogen sulphates of H,O*, Ag*, and Tl* which when plotted against c 


*3 Gillespie and Oubridge, /J., 1956, 80. 
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give curves of the same form as those of fully dissociated electrolytes. If we allow for 
incomplete dissociation of H,O,HSO,, using K, = 1 to calculate the molar conductivity 
of the hydrogen sulphate ion in solutions of water, we obtain values which seem un- 
reasonably large, being greater than those for any of the metal hydrogen sulphates (Table 7). 
We must conclude therefore either that the freezing points must be explained in some other 
way than in terms of incomplete dissociation or that this incomplete dissociation does not 


TABLE 12. 


(a) Conductivities of mixtures of waterand potassium (a) Conductivities of mixtures of silver and potassium 
hydrogen sulphate in sulphuric acid. hydrogen sulphates in sulphuric acid. 

CH.0 CxHSO, Crotar 10%Kors. 10*%xxHs0, Caguso, Cxuso, Ctotat 10*kors. 10° xkHs0, 
0-0000 00-3160 0-3160 3-149 3-149 0-0000 "1575 = 00-1575 1-999 1-999 
00037 0-3156 03193 3-172 3-172 0-0064 "1575 0-1639 2-048 2-049 
00102 03151 03253 3-212 3-212 0-0183 *1575 = 00-1758 2-137 2-137 
0-0219 0-3138  0-3357 3-281 3-279 0-0310 , 0-1885 2-230 2-230 
0-0404 0-3123 0-3527 3-390 3-388 0-0420 *1575 0-1996 2-312 2-312 
0-0624 0-3103 0-3727 3-518 3-510 0-0595 “1575 = 00-2170 2-440 2-440 
00919 00-3076 00-3995 3-680 3-674 0-0867 . 0-2442 2-640 2-640 
01217 0-3049 0-4266 3-842 3-830 
0-1835 0-2995 04830 4-164 4-145 


affect the conductivity of the solution. In order to obtain further information which 
might shed more light on this problem some further experiments were carried out. 
Conductivities of solutions containing mixtures of potassium and oxonium hydrogen 
sulphates were measured, and the results of one such experiment are shown in Table 12. 
The conductivities of the mixtures are almost identical with the conductivity of the same 
concentrations of potassium hydrogen sulphate alone, although in these solutions it may 
be shown that if K, = 1 the water would only be about 85% dissociated and a corre- 
spondingly low conductivity would be expected. Experiments with mixtures of silver 
and potassium hydrogen sulphates similarly gave fio indication of any incomplete 
dissociation of the silver hydrogen sulphate (Table 12). 


@ yo ¢% H\ + Fe » eaiase JH an 
re. pp? oF on 


It seems likely therefore that water is completely ionised to oxonium hydrogen sulphate 
(H,0* HSO,>) but that it is incompletely dissociated and this incomplete dissociation does 
not affect the conductivity of the solutions. Presumably the incomplete dissociation 
results from the formation of a rather strongly hydrogen-bonded ion-pair for which either 
of the structures (I) and (II) seems plausible. Since it is likely that all the hydrogen atoms 
and lone pairs on the H,O* will be involved in hydrogen bonding, it seems probable that 
this ion pair will be solvated by at least one sulphuric acid molecule. Plausible structures 
for a mono-solvated ion pair are (III) and (IV). Such a solvated ion-pair is closely related 
to the solvated oxonium-ion complex for which evidence has been obtained from cryoscopic 
measurements,!* heat capacities, and Raman spectra. Cryoscopy suggests that the 
formula is H,O(H,SO,),*. The structure (V), related to those above for the oxonium 
hydrogen sulphate ion-pair, seems plausible. 


\ oO. a Orn fo HON oa. 7 
o No.. A ain Nye coP Non oF NS. Ww 
(IIT) (lv). 
HON. fo“. , JH o JOH 
Cy 


24 Wyatt, Trans. Faraday Soc., 1960, 56, 490. 
2° Young and Walrafen, personal communication. 
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It is possible to account for the unexpectedly high conductivities of solutions containing 
this ion-pair in two ways. If the life-time of an undissociated ion-pair is appreciably 
longer than the time of a single molecular vibration, it will be detected in the measurement 
of any colligative property of the solution if it is present in sufficient concentration. 
However, if the life-time is nevertheless of the same order of magnitude as the average time 
for a proton transfer in the conduction process, then the formation of such a relatively 
short-lived ion-pair will have only a negligible effect on the conductivity. Since ion-pair 
formation can be written as a proton-transfer as follows 


HO\ ZO°**H\ 4 JH-+ ON JOH HON Zs" HY 4 JH ON YO 
i tia ciel hes +HSO- — > sae < PHF +a, H,SO, 
it is reasonable to suppose that the frequency of such a process is of the same order of 
magnitude as proton-transfer between HSO,~ and H,SO,. 

It is also possible that the oxonium ion, unlike other cations, does not reduce the 
mobility of the hydrogen sulphate ion. The following process in which the sulphuric acid 
molecules solvating an H,O* ion take part in proton-transfer can be imagined: 


Oy 9:2 MY, FO Ng A Oy ae gd? 
oF No..-HO% So..-H% “H—0% No “Ho” No 


Y 


me seiliee.” aie. wxm 


Oy CH HO 40 
ME SP 
oF Nou.--o% No—-H-"" \H---07% SoH 6% No 


Thus, if there is any diminution in conductivity due to the existence of ion-pairs 
H,O* HSO,~ this may be offset by a very small, or even negligible, effect of H,O* on the 
conductivity of HSO,~. 

In the case of AgHSO, such a special proton-transfer mechanism is not possible 
and it is necessary to assume that the life-time of an ion-pair is of the same order of 
magnitude as, or smaller than, the average time for proton transfer in order to account 
for the unexpectedly high conductivity and the low osmotic coefficients of silver hydrogen 
sulphate solutions. For thallous hydrogen sulphate solutions it is possible that the low 
osmotic coefficient is due to the structure-breaking effect of the large non-solvated T1* ion 
and that there is no ion-pair formation. If there is ion-pair formation, however, we must 
again assume that the average life-time of the ion-pairs is comparable to, or less than, the 
average time of proton transfer. 


WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. [Received, January 13th, 1960.} 
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844. The Thermal Decomposition of some meso-Substituted 
Anthracene Photo-oxides. 


By P. F. SoUTHERN and WILLIAM A. WATERS. 


The thermal decompositions of the photo-oxides of 9,10-dimethyl- 
anthracene, and 9,10-diphenyl-, 9-phenyl-10-methyl-, and 9-hydroxymethyl- 
10-methyl-anthracene have been studied for solutions in hydrocarbon solvents 
and in the presence of various phenols and benzcic acid. The natures of the 
products indicate that a homolysis of the O-O bonds of the peroxides can 
occur. This is supported by demonstration that certain of the photo-oxides 
can initiate vinyl polymerisation. 


Coat tar very slowly absorbs oxygen and its properties as a binder in road surfaces thereby 
deteriorate. This oxidation is accelerated by light and it has been suggested that it then 
involves photo-oxides of anthracenoid hydrocarbons which might conceivably disrupt to 
give free oxy-radicals, RO*, capable of initiating the autoxidation of other components of 
coal tar. Already the reactions of oxy-radicals with representative phenols ? and hydro- 
carbons * have indicated courses of homolytic oxidation, addition, and substitution that 
would give a rational interpretation of the complex oxidative polymerisation that slowly 
occurs in coal tar. It has therefore been desirable to examine the thermal decomposition 
of the photo-oxides of some anthracenoid hydrocarbons and search for evidence of the 
transient formation of reactive RO» radicals. 


R OH R O-OH 


ato a of ofp ato | , 


(il) (111) (IV) (V) 


eat the conditions of formation, the structures, and the relative stabilities of the 
photo-oxides of many polycyclic aromatic compounds have been studied,‘ little attention 
has been paid to their chemical reactions or to their thermal decomposition products. 
Reduction with either Raney nickel ® or lithium aluminium hydride ® converts the photo- 
oxides (I) into cis-9,10-dihydroanthracene-9,10-diols (II); dilute mineral acids, water, 
and hydrogen peroxide can effect heterolysis of a C—O bond, yielding hydroperoxides (III) 
which decompose rapidly to substituted anthrones (IV).? 

Photo-oxides can be prepared most easily from meso-substituted anthracenes, and these 
photo-oxides usually liberate a considerable proportion, but rarely the whole, of their 
oxygen when heated, regenerating the parent anthracene. Homolysis of the peroxide (I) 
to the radical (V) is unlikely to be efficient on account of the proximity of the unpaired 
electrons in the diradical (V),° but Breitenbach and Kastell ® have found that anthracene 
photo-oxide can catalyse the polymerisation of styrene. They estimate the activation 


1 “ The Durability of Road Tar,’’ D.S.I.R. Road Research Technical Paper No. 31, H.M.S.O., 1954; 
“The Reaction of Oxygen with Tar Oils,’’ D.S.I.R. Road Research Technical Paper No. 16, H.M.S.O., 
1949, 1048, 226, 929. 

2 Moore and Waters, J., 1952, 2432; 1954, 243; Hey and Waters, J., 1955, 2753; Cosgrove and 
Waters, /., 1951, 388, 1726. 

% Beckwith and Waters, J., 1957, 1001; 1956, 1108; Beckwith, Norman, and Waters, J., 1958, 171. 

Badger, ‘“‘ The Structures and Reactions of the Aromatic Compounds,”’ Chapter 9, Cambridge 
Univ. Press, 1954. 
5 Dufraisse and Houpillard, Compt. rend., 1937, 205, 740. 
Mustafa, /., 1952, 2435. 

7 Dufraisse and Gerard, Bull. Soc. chim. France, 1937, 4, 2052; Pinazzi, Compt. rend., 1947, 225 

; 1948, 226, 929. 

Walling, “‘ Free Radicals in Solution,’’ J. Wiley and Sons, New York, 1957, pp. 182, 474. 
Breitenbach and Kastell, Monatsh., 1954, 85, 676. 
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energy of the homolysis as 29-8 kcal. mole, which is apposite for the fission of an O-O 
bond (i.e., 1—» V). 

For our studies we selected the photo-oxides of 9-methyl-10-phenylanthracene (I; 
R = Me, R’ = Ph) which liberates 20% of its oxygen when heated,!® and of 9,10-dimethyl- 
anthracene (I; R= R’ = Me) which does not liberate any oxygen on slow heating.” 
A few tests were conducted with the photo-oxides of 9,10-diphenylanthracene (I; R = R’ 
= Ph) and of 9-hydroxymethyl-10-methylanthracene (I; R = CH,°OH, R’ = Me). 

The methylphenyl- and the dimethyl-anthracene were prepared by Huang-Minlon 
reduction of the corresponding 9-formylanthracenes,!* but for the dimethyl compound a 
more direct method involving dehydrogenation of 9,10-dihydro-9,10-dimethylanthracene 
by sulphur proved quicker. By shaking together in ether, anthracene, sodium slices, and 
glass chips, and treating the resulting purple adduct with methyl iodide, Badger, Goulden, 
and Warren '° obtained the cis-dihydrodimethylanthracene, m. p. 101—102°. However, 
we have found that addition of a suspension of anthracene in tetrahydrofuran to one of 
sodium in liquid ammonia leads to the trans-isomer, m. p. 130°. The conflicts with the 
statement by Badger, Jones, and Pearce that sodium always effects cis-addition to 
anthracenes. 

The photo-oxides were prepared in glass flasks in presence of sunlight or under irradi- 
ation from a Hanovia mercury-vapour lamp filtered through a sheet of soft glass. Over- 
irradiation and also photo-oxidation in quartz vessels led to much decomposition of the 
photo-oxides to anthraquinone. 


TABLE 1. Ytelds (%) of decomposition products of 9-methyl-10-phenylanthracene 
photo-oxide (reaction time, 2-5 hr. in all cases). 


Hydro- (VI; R, R’ Anthra- : = Me, (IV; R’ = Ph, 
Reactant, solvent carbon = Me, Ph) quinone X ’ == Ph) X = OH) 

Ethylbenzene 35 25 15 

40 23 15 

42 21 ~ 
Toluene (in air) 27 23 41 
Phenol (5 g.) in PhCl 21 2-5 0 
p-Cresol (5 g.) in PhCl (i) 6 0 

- a (ii) 4 0-5 

2,6-Xylenol (2 g.) in PhCl 27 
2,6-Xylenol (5 g.) in PhCl 19 
2,6-Dimethoxyphenol (2 g.) 

9 
a-Naphthol (2 g.) in PhCl 
BzOH (2 g.) in PhCl 4 


TABLE 2. Yields (%) of decomposition products of 9,10-dimethylanthracene photo-oxide. 


Photo- (VI; R= Anthra- (II; R= 9-CH,OH (IV; R’ = Me, 
Reactant oxide R’ = Me) quinone’ R’ = Me) deriv. X = OH) 

Chlorobenzene (2 hr.) ... 60 _ _ 2 0 0 
Chlorobenzene (12 hr.) ... 0 7 2 0 14 0 
2,6-Dimethoxy-phenol (2 

g.) in PhCl (2-5 hr.) ... 52 0 15 0 0 
a-Naphthol (2 g.) in PhCl 

(2 hr.) 0 0-5 0 10 5 


At 90°, the photo-oxides of the methylphenyl, dimethyl, and hydroxymethyl compound 
gave indications of initiating polymerisation of styrene under nitrogen. Similar, but less 
decisive, results were obtained with methyl methacrylate. In contrast, the decomposition 


% Willemart, Bull. Soc. chim. France, 1937, 4, 1447. 
™ Willemart, Compt. rend., 1937, 205, 866. 

‘2 Buu-Hoi and Hoan, J. Org. Chem., 1951, 16, 874. 
3 Badger, Goulden, and Warren, /., 1941, 18. 

™ Badger, Jones, and Pearce, J., 1950, 1700. 
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of the photo-oxide of diphenylanthracene to the hydrocarbon and oxygen inhibited poly- 
merisation of both styrene and methyl methacrylate. Though many alkyloxy-radicals 
dehydrogenate alkylbenzenes, giving dibenzyl derivatives,*+ the photo-oxide of methyl- 
phenylanthracene under nitrogen had no action on toluene or ethylbenzene. Cumene 
yielded about 2°% of dicumyl, based on the photo-oxide used, but most of this may have 
been formed by the direct action of the small amount of molecular oxygen liberated by 
the photo-oxide. 

Definite evidence of the homolytic formation of the radical (V) from the peroxide (I) 
can be adduced from our studies of the thermal decompositions of the photo-oxides. 
These have been carried out (a) by heating the photo-oxides in inert solvents such as 
ethylbenzene and chlorobenzene and (5) in similar solutions containing phenols which 
might be expected to react with RO» radicals. The products of these reactions have been 
separated chromatographically and identified as far as possible, both by spectrographic 
methods and by synthesis. 

Tables 1 and 2 summarise the results of this investigation: the following points merit 
attention. 

(i) In inert solvents under nitrogen thermal decomposition of the methylphenyl and 
the dimethyl photo-oxides yields significant amounts of chemically stable isomers which 
are of type (VI). In the presence of phenols these yields are reduced. 

(ii) Reduction of the methylphenyl photo-oxide could not be detected in the absence 
of phenols, but was evident in their presence. We suggest that this indicates dehydrogen- 
ation of the phenols by radicals (V) though we have failed to isolate the expected oxidation 
products ? of the phenols themselves. In the presence of phenols the yield of compound 
(VI) decreases more rapidly than that of the parent anthracene, as would be expected if 
the radicals (V) are then hydrogenated to a diol (II) instead of isomerising. For the methyl- 
phenyl compound there is evidence of further reduction to the mono-alcohol (XI). 


oo O O Oss 


(VI) «vip a III) (IX) 
eo “OAc 


eh 5 85 of of 


(X) H xD (X11) (XIII) 


The corresponding reactions of the dimethyl photo-oxide are similar but not so decisive, 
and a rearrangement product (the hydroxymethyl derivative) from the diol (II; R= 
R’ = Me) was also formed. No diol was obtained on decomposition of the diphenyl 
photo-oxide in the presence of «-naphthol; This was expected, for this oxide, when heated, 
loses its oxygen completely in molecular form.!¢ 

(iii) The distinctive action of the phenols is not that of an acid, for the decomposition 
of the methylphenyl photo-oxide in the presence of benzoic acid gives 20° of a different 
product, 10-hydroxy-10-phenylanthrone (IV; R’ = Ph, X = OH), which was identified 
by an authentic synthesis. Evidently this had been produced by the known heterolysis 
(I) —» (III).? Decomposition of the dimethyl photo-oxide in the presence of «-naphthol 
may, toa slight extent, take this route, for a little of the anthronol (IV; R’ = Me, X = OH) 
was isolated. 

The two compounds (VI) which have been isolated from the transannular peroxides 


'§ Gray and Williams, Chem. Soc. Special Publ. No. 9, 1958, p. 105; Chem. Rev., 1959, 59, 239. 
16 Dufraisse and Le Bras, Bull. Soc. chim. France, 1937, 4, 349. 
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(I; R = R’ = Me; and R = Me, R’ = Ph) are intramolecular rearrangement products 
ofdiradicals (V). The methyl phenyl photo-oxide is structurally similar to triphenylmethyl 
peroxide, with which homolytic decomposition at the weak O-O bond is followed by the 
rearrangement of an aryl group and eventual formation of a pinacol ether: !” 


° | 
PhyC—O-O-CPh, === 2PhsC—O» —— 2Ph,C—OPh —— (Ph,C—OPh), 


Consequently rearrangement of a radical (V) to the isomeric radical (VII) is a likely con- 
sequence and the latter could easily afford the ketal (VI). At first, we thought that the 
radical isomerisation (V) —» (VIII) (cf. rubrene iso-oxide ) might have occurred with 
the methylphenyl photo-oxide, but our product is consistent with a structure of type (VI). 
Its ultraviolet spectrum shows only a benzene chromophore; its infrared spectrum is that 
of a ketal {strong absorption at 1258 (aryl ether), 1106 and 116 cm. (alkyl ether)] and 
contains no bonds due to ethylenic linkages. Oxidation with chromic acid in acetic acid 
to 2-acetylbenzophenone (IX) excluded the rubrene iso-oxide type of structure; and 
hydrolysis with sulphuric acid in acetic acid gave a phenolic ketone such as (X). The 
corresponding dioxide from the dimethyl photo-oxide did not contain a methoxy-group 
and had strong absorption maxima at 1265 and 1090 cm.", consistently with structure 
(VI; R= R’ = Me). 

The alcohols formed from the methylphenyl photo-oxide in the presence of phenols 
have been identified by synthesis. The czs-diol (II; R = Me, R’ = Ph) was prepared 
(a) by oxidation of 9-methyl-10-phenylanthracene with acidified permanganate ™ -and 
(b) from the photo-oxide in 80° yield by hydrogenation in the presence of Raney nickel.” 
Prolonged hydrogenation gave a 65% yield of a monoalcohol (XI), identical with a product 
isolated on reaction of the photo-oxide with the phenols (see Table 1). The same com- 
pound was also obtained from the photo-oxide on prolonged reaction with lithium alu- 
minium hydride in boiling tetrahydrofuran (a similar reduction has been described by 
Cook and Martin **). An isomer (XI; R = Me, R’ = Ph) has been described by Wille- 
mart,!° but on account of possible stereoisomerism this is not conclusive evidence that 
our product is the structural isomer. 

Treatment of the diol (II; R = Me, R’ = Ph) with cold acetyl chloride, or hot acetic 
acid, yielded 9-acetoxymethyl-10-phenylanthracene (XIII; R= Ph) which was also 
prepared from 9-formyl-10-phenylanthracene. Evidently dehydration of the diol to the 
ion (XII; R = Ph), followed by an anionotropic rearrangement,” had occurred. Both 
the alcohols (XI) and (II; R = Me, R’ = Ph) gave coloured carbonium salts on dissolution 
inconcentrated sulphuric acid. Our monoalcohol (XI; R,R’ = Me, Ph) was not dehydrated 
to 9-methyl-10-phenylanthracene in hot chlorobenzene but was, in part, oxidised to a new 
diol, probably trans-9,10-dihydro-9,10-dihydroxy-9-methyl-10-phenylanthracene. 

From the thermal decomposition of the dimethyl photo-oxide in chlorobenzene a little 
of the diol (II; R = R’ = Me) was obtained and, after prolonged reaction, an appreciable 
amount of its anionotropic rearrangement product, 9-hydroxymethyl-10-methylanthracene 
(cf. XIII). This was synthesised by reduction of 9-formyl-10-methylanthracene. The 
formation of these products, together with some anthraquinone, indicates that this photo- 
oxide can undergo intermolecular oxidation and reduction. 

9-Hydroxymethyl-10-methylanthracene itself easily forms a photo-oxide (I; R= 
CH,-OH, R’ = Me), whose- thermal decomposition gave formaldehyde (70%) and 10- 
hydroxy-10-methylanthrone (IV; R’ = Me, X _ OH) (identified by synthesis) together 
with anthraquinone. Homolysis of the type all tall —> R + (=o is a well-known route 


17 Kharasch, Poshkus, Fono, and,Nudenberg, J. Org. Chem., 1951, 16, 1458. 
'® Badger, Pearce, Rodda, and Walker, J., 1954, 3151. 

” Cf. Enderlin, Compt. rend., 1936, 202, 1188. 

Cf. ref. 5. 

** Cook and Martin, J., 1940, 1125. 


2 


*? Badger and Pearce, /., 1950, 2314. 
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for decomposition of alkyloxy-radicals; 4 and 1-hydroxyalkyl radicals, such as HO-CH,,, 


are easily oxidised. In fact the easy C-C bond fission of HO-C,-C,-O: (C,, tertiary) is 
that of a glycol. #e 

The sequence of reactions, 9,10-dimethylanthracene —» (I; R = R’ = Me) —» (II; 
R = R’ = Me) —» 9-hydroxymethyl-10-methylanthracene —» (I; R = CH,°OH, R’ = 
Me) —» (IV; R’ = Me, X = OH), explains the removal of meso-alkyl substituents from 
anthracenoid hydrocarbons by mere exposure to air and sunlight. It may perhaps be 
significant in connection with carcinogenesis. 


EXPERIMENTAL 


Materials.—9-Methyl-10-phenylanthracene. The following procedure for the large-scale 
preparation of this hydrocarbon from 9-formyl-10-phenylanthracene is superior to that of 
Buu-Hoi and Hoan,” followed by Norman and Waters,** in. which low yields result owing to 
the separation of as much as 60% of an insoluble azine. 9-Formyl-10-phenylanthracene (65 g.) 
and 100% hydrazine hydrate (65 ml.) were refluxed in ethanol (700 ml.) until all solid had 
dissolved (1 hr.). The alcohol was evaporated, potassium hydroxide (45 g.) and ethylene 
glycol (340 ml.) were added, and the mixture was distilled until the temperature of the residue 
reached 210°. This was then refluxed for 4 hr. and finally poured into water. 9-Methyl-10- 
phenylanthracene (60 g., 96%), purified chromatographically in the absence of light, had 
m. p. 112°. 

9,10-Dimethylanthracene.—(a) Prepared from 9-formyl-10-methylanthracene by a similar 
procedure,'* in 70% yield, it had m. p. 180—181°. (b) To sodium (10 g.) in liquid ammonia 
(250 ml.) a slurry of anthracene (20 g.) in dry tetrahydrofuran (100 ml.) was added with stirring. 
After 20 min. methyl iodide (31 ml.) was slowly added, together with enough liquid ammonia 
to replenish losses. A day later the material remaining at room temperature was acidified, 
extracted with benzene, and purified by chromatography in light petroleum. The crude trans- 
9,10-dihydro-9,10-dimethylanthracene (10-7 g.) had m. p. 109—110°, raised to 130—131° ¥ 
by repeated crystallisation from alcohol. Dehydrogenation * of this with sulphur at 230° 
gave 60% of 9,10-dimethylanthracene, m. p. as above. 

9-Hydroxymethyl-10-methylanthracene.—A slurry of 9-formyl-10-methylanthracene 1 (m. p. 
167°; 31 g.) in ether (250 ml.) was slowly added to a stirred suspension of lithium aluminium 
hydride (4 g.) in ether (250 ml.), and the mixture was refluxed for 1 hr. After treatment with 
ethyl acetate, water and chlorobenzene (500 ml.) were added, the ether was removed, and the 
product (20 g.) which crystallised from the hot filtered chlorobenzene solution was obtained 
as pale yellow needles, m. p. 222-5—223° (Found: C, 86-3; H, 6-4. Calc. for C,,H,,0: C, 86-4; 
H, 6-4%). The m. p. for this substance has been given as 229° by Tardieu,”* though its first 
preparation was by Guyot and Staehling ®” who gave m. p. 223°. Its infrared spectrum had 
peaks at 3350 and 1060 cm. (CH,°OH) and 760, 750, and 689 cm.“ (Ph and o-C,H,). 

Preparation of the Photo-oxides.—(a) The hydrocarbon (10 g.) under methanol (500 g.) was 
put in sunlight in a glass vessel open to the air but protected from rain. As oxidation proceeded, 
the yellow hydrocarbon dissolved and white photo-oxide was deposited. This took up to 3 
days in summer and 3 weeks in winter; yields of 70—80% were obtained. (6) In a slowly 
rotating vessel similar to that described by Bowen and Tanner * the hydrocarbon (2 g.) in 
purified carbon disulphide (300 ml.) was irradiated under oxygen with a 500 w ultraviolet lamp 
through a glass sheet that acted asa heat trap. The oxygen was replenished after 2 hr. Lack 
of fluorescence, in benzene, of evaporated test portions indicated completion of the photo- 
oxidation. All the photo-oxides were purified by chromatography through alumina in the 
dark. Unchanged hydrocarbons were eluted with light petroleum-benzene (4:1), and the 
photo-oxides of 9-methyl-10-phenyl- [m. p. 180° (decomp.)], dimethyl- [m. p. 200—205° 
(decomp.)], and diphenyl-anthracene with light petroleum—benzene (1:1). The photo-oxide 
of 9-hydroxymethyl-10-methylanthracene, which was eluted with chloroform, had m. p. 185° 


*3 Merz and Waters, /., 1949, S15; Mackinson and Waters, J., 1953, 323. 
24 Drummond and Waters, J., 1953, 3119; Littler and Waters, J., 1960, 2767. 
*> Norman and Waters, /., 1958, 167. 

Tardieu, Compt. rend., 1959, 248, 2885. 

Guyot and Staehling, Bull. Soc. chim. France, 1905, 38, 1144. 

Bowen and Tanner, Trans. Faraday Soc., 1954, §1, 475. 
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(decomp.) (Found: C, 75-2; H, 5-9. C,,H,,O, requires C, 75-6; H, 5-6%), vmax, 3300 and 1080 
(CH,’OH), 770, 764, and 695 cm. (Ph and o-C,H,), 831w cm.“ (also found for the methylphenyl 
photo-oxide ; 20-0 *). 

It was essential to store the photo-oxides in the dark. 

Polymerisation Tests.—These were carried out for 10 min. at 90° in Thunberg tubes filled 
with nitrogen. 10 Mg. samples of the oxides in 0-5 ml. of the monomers were examined 
by direct comparison with tubes containing monomers only. Styrene, purified by washing 
with alkali, drying (Na,SO,), and double fractionation at 40°/10 mm. under nitrogen from a 
little picric acid, gave cloudy solutions when the samples that had been heated with the 
methylphenyl, dimethyl, and hydroxymethyl photo-oxides were diluted with light petroleum 
(10 ml.; b. p. 40—60°). The control solution gave a very faint cloudiness and that which 
had contained the diphenyl photo-oxide remained clear and fluoresced. Polymerisation of 
methyl methacrylate (b. p. 98—98-5°) by the decomposition of the methylphenyl photo-oxide 
was established by the precipitation of gummy polymer on addition of ethanol (10 ml.); again 
the diphenyl photo-oxide gave a clear, fluorescent solution. 

Decomposition of the Photo-oxides.—The experiments listed in the Tables were carried out 
by refluxing, under nitrogen, 1 g. samples of the photo-oxides in 100 ml. of the liquid stated. 
When phenols or benzoic acid had been added the cooled chlorobenzene solutions were extracted 
with aqueous sodium hydroxide before evaporation under nitrogen. The residues, in benzene, 
were chromatographed through alumina (100 g.; grade H), with benzene and then chloroform 
for elution. The early benzene fractions were chromatographed on fresh alumina. Bicumyl 
and anthracene hydrocarbons then separated in light petroleum, the isomerised dioxides (VI) 
in benzene-light petroleum (9:1), and anthraquinone in pure benzene. The alcohols (II), 
(IV), and (XI) were eluted only with chloroform or benzene-chloroform. The alcohols were 
contaminated with large quantities of red oil, especially from mixtures that had contained 
phenols, but it was not possible to establish the formation of the expected diphenoquinones. 
Alkali-treatment of the mixture from «-naphthol and the dimethyl photo-oxide precipitated 
a deep purple solid (0-75 g.), soluble in chloroform, but this could not be crystallised. 

The hydroxymethyl] photo-oxide (0-50 g.) in refluxing chlorobenzene (80 ml.) was decomposed 
in a stream of nitrogen and the issuing gas was passed through two successive aqueous solutions 
of dimedone. In the first of these solutions the formaldehyde condensation product (0-105 g., 
43%), m. p. and mixed m. p. 188—189°, was precipitated, whilst in the preceding condenser tube 
some paraformaldehyde (15 mg., 27%) was deposited (also identified as dimedone derivative). 
From the chlorobenzene solution were isolated 35% of anthraquinone and 21-5% of 10-hydroxy- 
10-methylanthrone (IV; R’ = Me, X = OH). 

Products. The dioxide (VI; R, R’ = Me, Ph), obtained from the methylphenyl photo- 
oxide, had m. p. 122—123° (from ethanol) (Found: C, 83-5; H, 5-4%; M, 246. C,,H,,O, 
requires C, 84-0; H, 5-4%; M, 300), Amax. 2585, 2650, and 2715 A (e 492, 710, and 863), Vinay 
1285 (OAr), 1116 and 1106 (OAlk), 752, 747, and 696 cm.-! (0-C,H, and Ph) (no distinctive 
absorption in the 4000—3100, 1750—1610, 920—880, and 840—-820 wave bands). Oxidation 
of this product (0-1 g.) for 2 hr. at 100° with chromium trioxide (0-5 g.) in acetic acid (10 ml.) 
gave o-acetylbenzophenone (0-02 g.), m. p. 100° (Koelsch and Johnson * give 99°) (Found: 
C, 80-4; H, 5-3. Calc. for C,;H,.O,: C, 80-4; H, 5-4%), identified by its double C=O absorption 
at 1660 and 1680 cm."! and its aromatic absorption at 776, 767, and 710 cm.}. Its disemi- 
carbazone, m. p. 216—217° (decomp.), gave the blue colour in hot acetic acid described by 
Koelsch and Johnson. 

Hydrolysis of this oxide (VI; R, R’ = Me, Ph) (0-1 g.) for 3 hr. with boiling acetic (10 ml.) 
and 25° aqueous sulphuric acid (4 ml.) gave phenolic material, insoluble in sodium carbonate, 
that gave a green colour with aqueous ferric chloride. Its infrared spectrum had peaks at 
3100—3000, 1700, 1590, 1275, 1260, 754, and 698 cm.!. Compound (VI; R, R’ = Me, Ph) 
was stable at 200° and resisted reduction with zinc dust in hot acetic acid, hydrogenation in 
ethanol at room temperature and pressure over Raney nickel, and attack by phenylmagnesium 
bromide (cf. rubrene 18). 

The isomeric dioxide (VI; R = R’ = Me) from the dimethyl] photo-oxide, 7.e., 2,5-benzoylene- 
2,5-dihydvo-2,5-dimethylbenzo{c] furan had m. p. 182° (from ethanol) (Found: C, 80-3; H, 6-0; 
OMe, nil. C,,H,,O, requires C, 80-6; H, 59%). Its infrared spectrum had no hydroxyl 


* Bellamy, ‘‘ Infra-red Spectra of Complex Molecules,’’ Methuen, London, 1958, p. 120. 
* Koelsch and Johnson, J. Amer. Chem. Soc., 1943, 65, 572. 
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or carbonyl peaks but showed strong absorption at 1265 (OAr), 1090 (OAlk) and 761 cm” 
(o-C,H,). 

cis-9,10-Dihydro-9,10-dihydroxy-9-methyl-10-phenylanthracene, when separated after de- 
compositions of the methylphenyl photo-oxide in the presence of phenols, had m. p. 216—217° 
(from benzene) (Found: C, 83-0; H, 6-1. C,,H,,O, requires C, 83-4; H, 6-0%). Material 
made by oxidising the anthracene with acid 0-12% permanganate solution '* or by hydrogenating 
the photo-oxide in ethanol at atmospheric pressure over Raney nickel *° had the same m. p. 
and unchanged mixed m. p. Its infrared spectrum had peaks at 3350 and 1140 cm." (tertiary 
OH), 762, 736, and 698 cm.-! (Ph and 0-C,H,), and Amax, 2605 A (¢ 702), Amin, 2450 (c 405). The 
diol dissolved in concentrated sulphuric acid to a dark green solution and in acetic—sulphuric 
acid mixtures to a bright yellow solution. When treated with acetyl chloride (1 ml.) the diol 
(0-25 g.) dissolved, with evolution of heat, giving a yellow solution from which 9-acetoxymethyl- 
10-phenylanthracene (0-18 g.) was rapidly precipitated; this had m. p. 228—229° and formed 
yellow needles from acetic acid (Found: C, 84-1; H, 5-7. C,,;H,,O, requires C, 84-6; H, 
56%). It had vax, 1725 and 1235 cm. (AcO), and 770, 757, and 700 cm.! (Ph and o-C,H,), 
and Amex, 3395, 3560, 3745, 3955, and 2620 A (ce 3400, 7400, 11,800, 11,000, and 120,000), 
typical of the anthracene ring system. The same product was obtained by refluxing the 
diol for 20 hr. with acetic acid. Treatment, in ether, with lithium aluminium hydride, fol- 
lowed by decomposition with water, gave 9-hydroxymethyl-10-phenylanthracene, m. p. 166—167° 
(from benzene-light petroleum), identical with material obtained by reducing 9-formy]l-10- 
phenylanthracene with lithium aluminium hydride in ether (Found: C, 88-7; H, 6-0. 
C,,H,,O0 requires C, 88-7; H, 5-7%). Its infrared spectrum had peaks at 3350 cm. (OH), and 
763, 750, and 703 cm. (Ph and o-C,H,). Acetylation of the synthetic material gave the 
acetate described above. 

9,10-Dihydro-meso-hydroxy-9-methyl-10-phenylanthracene (as XI), isolated after decomposition 
of the methylphenyl photo-oxide in the presence of certain phenols (Table 1), had m. p. 205° 
(decomp.) (from benzene) (Found: C, 88-3; H, 6-0. C,,H,,0 requires C, 88-1; H, 6-3%). 
Specimens made by reduction of this photo-oxide with (a) Raney nickel and hydrogen in ethanol 
(60% yield) and (6) lithium aluminium hydride in tetrahydrofuran (33% yield after 19 hr.) 
had identical m. p.s, unchanged mixed m. p., and the same infrared spectra [peaks at 3500 
(OH), 1150 (tertiary OH), 758, 748, and 702 cm. (Ph and o-C,H,)|. In both concentrated 
sulphuric acid and acetic-sulphuric acid it gave colour reactions similar to those of the diol 
(II; R = Me, R’ = Ph). After refluxing for 3 hr. in chlorobenzene, the alcohol (XI) gave a 
compound, thought to be trans-9,10-dihydro-9,10-dihydroxy-9-methyl-10-phenylanthracene, 
which crystallised from cyclohexane in forms of m. p. 186—187° and 218—220° (Found, for 
sample of higher m. p.: C, 83-5; H, 6-1. C,,H,,O, requires C, 83-4; H, 6-0%). It had vay 
3570 (OH), 770, and 700 cm. (Ph) and Amax, 2540, Amin, 2470 A (Emax./Emin, 1-06). 

cis-9,10-Dihydro-9,10-dihydroxy-9,10-dimethylanthracene, obtained on decomposition of 
the dimethyl photo-oxide in the presence of phenols, had m. p. 180—181° (cf. Guyot and 
Staehling *’), unchanged on admixture with material prepared by hydrogenation of this photo- 
oxide in ethanol over Raney nickel. This substance (0-03 g.), after refluxing for 4 hr. in 
chlorobenzene (25 ml.), gave 9-hydroxymethyl-10-methylanthracene. 

Decomposition of the dimethyl photo-oxide in chlorobenzene in the presence of «-naphthol 
gave, besides the above compound, about 5% of 10-hydroxy-10 methylanthrone (IV; R’ = Me, 
X = OH), m. p. 152—153° (from cyclohexane) (Found: C, 80-1; H, 5-4. C,,H,,O, requires 
C, 80-4; H, 5-4%), vax, 3350 and 1180 (tertiary OH), 1640 (Ar,CO), and 768 cm.~! (0-C,H,). 
The same product (no mixed m. p. depression) was obtained in 2% yield by oxidising 9-methyl- 
anthracene (2 g.) for 10 min. with potassium dichromate (2 g.) in boiling acetic acid (25 ml.), 
and purifying the sticky product chromatographically. Its phenyl analogue *! (IV; R’ = Ph, 
X = OH), m. p. 215° (Found: C, 83-5; H, 4-6. Calc. for C.gH,,O,: C, 83-9; H, 49%), was 
obtained in 70% yield from 9-phenylanthracene by a similar procedure; *! it gave a purple 
colour with cold concentrated sulphuric acid. 


This work was carried out at the request of the D.S.I.R. Road Tar Research Committee. 
We thank the D.S.I.R. Road Research Department for financial support (to P. F. S.). 
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845. The Synthesis of 7-Glycosylpurines. Part I. Syntheses 
from Purines. 


By G. M. BLAcKBURN and A. W. JoHNSON. 


Condensation of mercurichloride derivatives of several purines with acyl- 
halogeno-sugars has been studied and a possible mechanism for the reaction 
is suggested. Two 7-glycosylpurines have been synthesised and adenosine 
has been obtained by a modified route. 


SEVERAL naturally occurring compounds are known which differ from vitamin B,, only in 
that the 5,6-dimethylbenzimidazole portion of the molecule is replaced by a purine, e.g., 
pseudovitamin B,,1 (adenine), factor A »* (2-methyladenine), factor G * (hypoxanthine), 
factor H** (2-methylhypoxanthine) and un-named factors containing 2-methylthio- 
adenine ® and guanine ® as well as certain biosynthetic compounds.” By analogy with the 
vitamin B,, hydrolytic fragment, «-ribazole § (I), 5,6-dimethyl-1«-p-ribofuranosylbenzimid- 
azole, the structure of which has been confirmed by synthesis,®!° it was expected that the 
nucleoside of pseudovitamin B,, would have an a-glycosidic linkage. Moreover, on the 
basis of X-ray crystallographic studies, Hodgkin ™ predicted that the ribose would be 


attached to N,,) of the adenine molecule. 
N 
N 
R34 ’ 
(3 
26 N 


fe) 
HO HO Me,N  H 


Me / (11) abi iss 
Me Yd (III) R= R'= SMe 


(IV) R= SMe, R‘=H 
(I) 


The name “ pseudonucleoside ’’ has been suggested !* to describe a 7-glycosylpurine, 
and the present paper describes attempts to synthesise these compounds. The synthesis of 
purine nucleosides by the reaction of acetobromoglucose with the silver derivatives of 
purines !* was modified by Davoll and Lowy ' who substituted the chloromercuri-deriv- 
atives of the purines, and several of the natural nucleosides, including adenosine,*1* have 
been prepared by thismethod. A feature of this reaction is that, with few exceptions, it is 
the 9-position of the purine which undergoes substitution. Thus, as in the case of 
§-acetamidopurine, we have found that 6-chloropurine reacts with acetobromogiucose to 
give the 6-chloro-9-tetra-acetylglucopyranosylpurine, identified by conversion into the 
known 9-$-p-glucopyranosyladenine * by treatment with ammonia. The 9-ribosyl 
derivative of 6-chloropurine has also been described.!”_ An early exception to this general 


HO-H,C 


‘ 


Dion, Calkins, and Pfiffner, J. Amer. Chem. Soc., 1952, 74, 1108; Fed. Proc., 1952, 11, 269. 
Ford, Porter, et al., Biochem. J., 1952, 51, v; Nature, 1953, 171, 148. 
Brown, Cain, Gant, Parker, and Smith, Biochem. J., 1955, 59, 82. 
Brown and Smith, Biochem. J., 1954, 56, xxxiv. 
5 Friedrich and Bernhauer, Chem. Ber., 1957, 90, 1966. 
® Friedrich and Bernhauer, Angew. Chem., 1959, 71, 311. 
* Kon, Ciba Symposium en ‘“ Chemistry and Biology of Purines,” J. and A. Churchill, London, 
57, p. 169. 
Brink, Holly, Shunk, Peel, Cahill, and Folkers, J. Amer. Chem. Soc., 1950, 72, 1866. 
Holly, Skunk, Peel, Cahill, Lavigne, and Folkers, J. Amer. Chem. Soc., 1952, 74, 4521. 
Johnson, Miller, Mills, and Todd, J., 1953, 3061. 
Hodgkin, Biochem. Soc. Symposia, 1955, 18, 28 (footnote). 
Friedrich and Bernhauer, Chem. Ber., 1956, 89, 2507. 
Fischer and Helferich, Ber., 1914, 47, 210. 
Davoll and Lowy, J. Amer. Chem. Soc., 1951, 78, 1650. 
5 Schaeffer and Thomas, J. Amer. Chem. Soc., 1958, 80, 3738, 4896. 
Brown and Weliky, J. Org. Chem., 1958, 28, 125. 
7 Brown and Weliky, J. Biol. Chem., 1953, 204, 1019. 
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rule was glucosyltheophylline ™ in which the sugar reacts at the 7-position of the purine, 
but later, in their synthetic work on puromycin,!* Baker and his co-workers showed that 
the mercurichlorides of 6-dimethylaminopurine (II) and 6-dimethylamino-2,8-dimethyl- 
thiopurine (III) react with acetobromoglucose to give 7-glucosyl derivatives but that 
6-dimethylamino-2-methylthiopurine (IV) gives the 9-glucosyl derivative. However, 
2,3,5-tri-O-benzoyl-p-ribofuranosyl chloride reacts with the purines (II) and (IV) 
to give the 9-derivatives but with the thio-compound (III) to give a mixture of the 9- and 
the 7-isomer. By analogy with the structure of the cupric adenine complex,” it seems 
probable that the monomercurichlorides of adenine should have the preferred planar 
structure (V). If this is so, then the complex must react at position 9 with the orthoester 
cation (VI) of the acylhalogeno-sugar by an Sz mechanism, and furthermore according to 
Baker™ the nucleoside formed (VII) has a 1,2-trvans-configuration (e.g., B- from glucose, 
a- from arabinose, etc.) in the sugar regardless of the original configuration at positions 
1 and 2. 

It is suggested that the 6-dimethylamino-group, because of its size, hinders the form- 
ation of the mercury—nitrogen bond at N,,) and this is therefore formed at Ni), where there 
is greater electron-availability than at Nj) or Nig, and leads to the formation of a 7-6- 
glucoside. However, when the mercurichloride derivative of the 6-dimethylaminopurine 


O-corR’ 
N 
7 N “a Ps 
( > + ©¢€ N ro 
+ -| | N | ? 
H,N— HgCl —<., \“~N 
R HN 


(V) (VI) (VII) 
is treated with the tribenzoylribofuranosy] cation, the increased bulk of the latter prevents 
its approach to N,,) and this ion therefore reacts by displacing the mercury at Ni, e.g., by 
an Sy; mechanism. In order to verify this hypothesis, it was necessary to observe the 
effect of increasing size of alkyl substituents on the 6-amino-group, and as these should be 
capable of removal for the synthesis of purine 7-nucleosides, benzyl groups were used in the 
first instance. 

The first dibenzylaminopurine was prepared by treating 2,6,8-trichloropurine 2! with 
dibenzylamine. The 6-chloro-group is the most reactive ** and the 2,8-dichloro-6-di- 
benzylaminopurine (VIII; R = R” = Cl, R’ = H) was treated with acetobromoglucose. 
The product absorbed at 284 my which showed it to be the 9-tetra-acetylglucosyl derivative 
[VIIT; R= R” =Cl, R’ = C,H,O(OAc),) by comparison with 2,8-dichloro-6-dibenzyl- 


d R 
N. R N Non 
RZ N - ‘¢ +4 ‘4 
R | 
Se ee = < poe SF, 
(CH,Ph),N CH,Ph-NMe “R CH,Ph-NH 
(VIIT) (IX) (X) 


amino-9-methylpurine (VIII; R = R” = Cl, R’ = Me) which absorbs at 283 my (this 
compound was prepared from 2,6,8-trichloro-9-methylpurine 72 and dibenzylamine). 


18 Baker et al., J. Org. Chem., 1954, 19, 1780; J. Amer. Chem. Soc., 1955, 77, 18. 

'® Harkins and Freiser, ]. Amer. Chem. Soc., 1958, 80, 1132. 

*° Baker, Joseph, Schaub, and Williams, J. Org. Chem., 1954, 19, 1786; Baker, Ciba Symposium on 
“ Chemistry and Biology of Purines,” J. and A. Churchill, London, 1957. p. 120. 

** Davoll and Lowy, J. Amer. Chem. Soc., 1951, 78, 2936. 

*2 Fischer, Ber., 1897, 30, 2220. 
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6-Dibenzylaminopurine (VIII; R= R’ = R” = H), from 6-chloropurine ™ and di- 
benzylamine, gave the 9-tetra-acetylglucosyl derivative [VIII; R= R” =H, R’= 
C,H,O(OAc),}, which absorbed at 278 my, in agreement with the absorption of 6-dimethyl- 
amino-9-methylpurine * at 277-5 my. Sodium in liquid ammonia has been used for the 
removal of benzyl groups from N-benzyl compounds, even in the presence of an N-glycosyl 
group.” In the present work catalytic hydrogenation failed to remove the benzyl groups 
and reaction with sodium and liquid ammonia resulted in removal of only one benzyl group 
from the 6-dibenzylamino-group. Thus, both the 6-dibenzylaminopurine glycosides 
(VIII; R= R” = Cl, R’ = C,H,O(OAc),; and R = R” = H, R’ = C,H,O(OAc),] gave 
the same product 6-benzylamino-9-D-glucopyranosylpurine; and 2,8-dichloro-6-dibenzyl- 
aminopurine was reduced to the known 6-benzylaminopurine % (X; R =H) which 
confirms the structure of the compound (VIII; R = R” = Cl, R’ = H). 

It seemed probable that 6-(N-benzyl-N-methylamino)purine would show orientation 
effects intermediate between those of 6-dimethylamino- and 6-dibenzylamino-purine. In 
a personal communication, Dr. Stokstad has confirmed that the melting point in his paper 2” 
of the N-benzyl-N-methylamino-derivative was misquoted as 114-5—115° and should 
have read 214-5—-215°, as we have found. When this product was treated with aceto- 
bromoglucose, the light absorption of the crude product showed a maximum at 302 mu 
and a strong inflexion at 280 my. This indicated the presence of both N,)- and Nyw- 
glycosyl residues as 7-benzyl-6-dimethylaminopurine absorbed at 300 my and 6-dimethyl- 
amino-9-ethylpurine at 277-5 mu.% Pure 6-N-benzyl-N-methylamino-7-(tetra-acetyl- 
glucopyranosyl)purine [IX; R.= C,H,O(OAc),| was isolated from the mixture and had 
light absorption maxima at 233 and 305 my; the optical rotation, {«],2* —15°, compares 
with the values of other tetra-acetyl-8-p-glucopyranosylpurines.'4* However, when 
6-(N-benzyl-N-methylamino)purine reacted with tri-O-benzoyl-p-ribofuranosyl chloride, 
no evidence was obtained for the formation of the 7-ribosyl compound in that the first 
material eluted from the chromatogram absorbed at 277 my and showed no shoulder at 
300 Mu. 

6-Benzylaminopurine ** was caused to react with tri-O-acetylribopyranosyl chloride * 
and, after purification, the product, 6-benzylamino-9-triacetylribopyranosylpurine [X; 
R = C;H,O(OAc),], although not obtained crystalline, showed absorption maxima at 208 
and 271 my. Deacetylation of this compound gave crystalline 6-benzylamino-9-8-D-ribo- 
pyranosylpurine (X; R = C;H,O,) which absorbed at 209 and 268 my. This, when com- 
pared with 6-butylamino-9-methylpurine ® (absorption maximum at 269 my), confirms the 
9-glycosyl structure of both compounds. Thus 6-benzylaminopurine, like 6-acetamido- 
and 6-benzamido-purine,* presumably forms the chloromercuri-derivative at position 7 
and reacts with the acylhalogeno-sugar to give a 9-glycosyl derivative. On the other hand, 
6-dimethylamino- and 6-(N-benzyl-N-methylamino)-purine form mercury complexes at 
position 9 as steric hindrance prevents reaction at position 7. These purines react with 
acetobromoglucose to give 7-glycosyl derivatives by an Sg reaction although the greater 
steric hindrance in the latter purine is shown by the formation of some 9-derivative. Similarly 
6-dibenzylamino- and 2,8-dichloro-6-dibenzylamino-purine form complexes at position 9 
but the size of the 6-substituent prevents reaction at N,,) and consequently reaction with 
the acetohalogeno-sugars by an Sz; reaction again yields the 9-derivatives. The change 
from acetobromoglucose to benzoylchlororibose also yields the 9-glycosyl derivative for 
steric reasons, but in this case the dominating feature is the size of the protecting groups 

*8 Bendich, Russell, and Fox, J. Amer. Chem. Soc., 1954, 76, 6073. 

** Montgomery and Holum, J. Amer. Chem. Soc., 1958, 80, 404. 

* Shaw, J. Amer. Chem., Soc., 1958 80, 3899. 

*6 Skinner and Shive, J]. Amer. Chem. Soc., 1955, 77, 6692. 

*? Bullock, Hand, and Stokstad, J. Amer. Chem. Soc., 1956, '78, 3693. 

*8 Baker, Schaub, and Joseph, J. Org. Chem., 1954, 19, 638. 

*® Zinner, Chem. Ber., 1950, 88, 153. 


*° Montgomery and Temple, J. Amer. Chem. Soc., 1957, '79, 5238. 
3t Recondo and Rinderknecht, Helv. Chim. Acta, 1959, 42, 1171. 
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on the sugar rather than that of the 6-substituent on the purine. A solvent of low dielectric 
constant, xylene, was used in all these reactions in order to favour reaction at N;z) according 
to the above interpretation of the reaction mechanism. 

When the purines also contain methylthio-substituents, it is more difficult to assess 
the factors controlling the position of entry of the sugar. Thus introduction of a methyl- 
thio-group into 6-dimethylaminopurine causes reaction with acetobromoglucose to occur 
at Ni rather than N,,),!8 and alkylation of these purines in alkaline solution gives a mixture 
of 18% of the 7- and 31% of the 9-alkyl derivatives from the 6-dimethylamino-2,8-di- 
methylthiopurine, but mainly the 7-alkyl derivative from 6-dimethylamino-2-methy]l- 
thiopurine.* It seemed that the electronic effects of the methylthio-groups might 
outweigh steric considerations and the reactions of the methylthiopurines with aceto- 
halogeno-sugars were examined in the hope that they might lead to 7-glycosylpurines after 
removal of the methylthio-group with Raney nickel. 6-Dibenzylamino-2-methythiol- 
purine was synthesised for such studies, but sufficient quantities could not be obtained and 
attention was turned to derivatives of adenine (unsubstituted 6-amino-group). The above 
dibenzylaminopurine was obtained from 6-amino-4-chloro-2-methylthiopyrimidine * by 
reaction with dibenzylamine to yield the 4-dibenzylamino-compound. Nitrosation, re- 
duction, and cyclisation then gave the required purine in poor yield. 

2,8-Dimethylthioadenine (XI; R = H) was prepared from 4,5,6-triamino-2-methylthio- 
pyrimidine ** by cyclisation with carbon disulphide and methylation of the resulting 
8-mercaptopurine. The corresponding 9-methyl derivative (XI; R = Me) was prepared 
by a similar cyclisation of 5,6-diamino-4-methylamino-2-methylthiopyrimidine * and was 
identical with the sole methylation product of the purine (XI; R = H). 

An attempted unambiguous synthesis of compound (XI; R = Et) by cyclisation of the 
condensation product (XII) of ethyl isothiocyanate ,and 4,5,6-triamino-2-methylthio- 
pyrimidine gave 8-mercapto-2-methylthioadenine by elimination of ethylamine instead of 
the product of loss of ammonia. Synthesis of the 7-methyl derivative also proved difficult 
but was eventually accomplished by reaction of 2,8-dichloro-7-methyladenine * with 
potassium hydrogen sulphide and subsequent methylation of the 2,8-dimercapto-7-methyl- 
adenine. Methanethiol could not be used directly, as we had observed that with 2,8-di- 
chloro-9-methyladenine * this thiol caused replacement of only the 8-chloro-substituent. 
In another attempt to synthesise 7-methyl-2,8-dimethylthioadenine, 4,6-diamino-5-methyl- 
amino-2-methylthiopyrimidine (XIII) was obtained in variable yield by reduction of the 


nf N N 
Mes/7 N Mes/7 NH2 MeS(7 NH; 
| sme | | 

NAN Nx JNH-CS-NHEt Ny JNHMe 

al (XI) - (XII) 6 (XII) 
corresponding 5-formamido-compound * with lithium aluminium hydride. Although 
cyclisation of compound (XIII) with carbon disulphide could not be achieved, its structure 
was confirmed by cyclisation with formamide, which afforded 7-methyl-2-methylthio- 
adenine (XIV). A comparison of the absorption spectra of this product (XIV) with those 
of 2-methylthiopseudoadenosine ® affords positive evidence that the latter is a 7-glycosyl- 
purine. 

When the mercurichloride derivative of 2,8-dimethylthioadenine (XI; R = H) reacted 
with acetobromoglucose, the glycosyl derivative isolated was shown to be the 9-isomer 
(XI; R = C,H,,0,) as the absorption spectrum was almost identical with that of the 
9-methyl derivative (max. at 230 and 290 my). A similar reaction with 2,3,5-tri-O-acetyl- 
D-ribofuranosyl chloride gave a crude product which after chromatographic separation 


%2 Baddiley, Lythgoe, McNeil, and Todd, /., 1943, 383. 
%3 Fischer, Ber., 1898, $1, 104. 
*% Fischer, Ber., 1899, 32, 267. 
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yielded a fraction which absorbed at 297 my, followed by the 9-tri-O-acetylribofuranosyl 
compound [XI; R = C,H,O(OAc)s) (Amax. 233 and 290 my) as the bulk of the crude product. 
The first fraction was further purified but could not be crystallised; however, the close 


m id ny GO:0:CH:Ph 
fe oe we N. we 
N N ? Ne y 
we OM HN CsH,O(OAc); HN 
(XIV) (XV) (XVI) 


resemblance of its absorption spectrum (Amax. at 232 and 297 my) to that of 7-methyl-2,8-di- 
methylthioadenine indicated that this substance was the acetylated 7-nucleoside (XV). 
Partition chromatography on Celite with 10%, aqueous methanol as the stationary phase 
was not satisfactory for the separation. 

When product (XV) was treated with Raney nickel under desulphurising conditions, 
the resulting solution absorbed at 273 my with an inflection at 286 my. 7-Methyladenine * 
absorbs at 272 my at pH 7, and 7-methyl-2-methylthioadenine (XIV) in water at 286 mu. 
After hydrolysis with dilute acid, the desulphurisation product absorbed at 264 my 
(cf. adenine at pH 2, 263 my *%*) and p-ribose was detected in the hydrolysate by 
chromatography. 

When the mercurichloride of 2,8-dimethylthioadenine (XI; R =H) reacted with 
2,3,5-tribenzoylribofuranosyl] chloride, the 9-glycosyl derivative [XI; R = C;H,O(OBz)<) 
(Amax, 284 and 292 mz) was obtained with no detectable trace of the 7-isomer. This would 
accord with the view that the chloromercuri-complex is formed at Nw. Deacetylation 
of both the 9-triacetyl- and 9-tribenzoyl-ribosylpurines gave the same 2,8-dimethylthio-9-8- 
p-ribofuranosyladenine [XI; R = C,;H,O(OH),]. Its structure was confirmed by 
desulphurisation of the tribenzoyl compound with Raney nickel and subsequent debenzoyl- 
ation, adenosine being obtained in 25%, yield. 

In another synthetic approach to the 7-glycosylpurines, it was proposed to utilise the 
observation * that reaction of deoxyguanylic acid with methyl iodide leads to the transitory 
formation of the quaternary 7-methiodide which rapidly hydrolyses to 7-methylguanine. 
Application of such a method to the synthesis of 7-glycosylpurines necessitates the presence 
of a labile substituent at position 9 which can be removed without hydrolysis of the 
7-sugar substituents, and the benzyloxycarbonyl group was selected for this purpose. As 
inosine has been shown * to be benzylated at position 1, a 2-methylthio-group was also 
included to ensure quaternisation at position 7. 9-Benzyloxy-2-methylthioadenine (XVI) 
(Amax. 235 and 277 mu) was synthesised from the sodium salt of the purine and benzyl chloro- 
formate. It proved to be unstable in hot methanol and after a short time the parent purine 
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was recovered. When a suspension of the ester (XVI) in anhydrous acetone reacted with 
2,3,5-tribenzoylribofuranosy] chloride, three products were isolated. The principal product 
was 2-methylthioadenine; some unchanged (XVI) was also obtained and finally 1,3,5-tri- 
0-benzoylribofuranose.** It was clear that, even if reaction had occurred between the 
purine and the halogeno-sugar, any intermediate formed was very sensitive to hydrolysis. 

35 Prasad and Robins, J]. Amer. Chem. Soc., 1957, 79, 6401. 

** Cavalieri, Bendich, Tinker, and Brown, J. Amer. Chem. Soc., 1948, 70, 3075. 

37 Lawley, Proc. Chem. Soc., 1957, 290. 

** Ness and Fletcher, J. Amer. Chem. Soc., 1956, 78, 4710. 
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The difficulty of forming quaternary salts from 9-substituted purines was emphasised 
by the failure of 9-benzyl-2,8-dimethylthioadenine to give a methiodide, from which it had 
been hoped to prepare the 7-methyl compound by reduction with sodium in liquid ammonia. 
It appears from the above results that the preparation of purine 7-nucleosides by this 
method requires the presence of a 6-substituent of moderate size on the purine ring, 
sufficiently large to allow the formation of the mercury complex at Ng) but not large enough 
to prevent the approach of the sugar to N,). The substituent must also be capable of easy 
conversion into amino- or hydroxy-substituents. 

An attempt was also made to utilise the observation }* that acetobromoglucose and 
theophylline give the 7-derivative. The factors governing the course of this reaction were 
undoubtedly different from those obtaining for the 6-dimethylaminopurines, as theophylline 
possesses a cyclic amide nucleus by virtue of the 1- and 3-alkyl groups. In order to 
preserve the latter feature, 1,3-dibenzylxanthine (XVII) was synthesised as it was hoped 
that the benzyl groups might be removed by hydrogenolysis after reaction with the sugar 
derivative. This compound (XVII) was obtained by benzylation of 4,5-diaminouracil 
“ diacetate ” (XVIII; R = H) which is known to be methylated at positions 1 and3. The 
resulting compound (XVIII; R = CH,Ph) was cyclised by heating it with formamide, 
whereupon the desired product (XVII) (Amax. 274 my similar to that of theophylline) was 
obtained, but the yield was low and this approach was abandoned in favour of the methods 
described earlier. 


EXPERIMENTAL 


Absorption spectra are recorded for ethanolic solutions except where otherwise stated. 

“ 4,5-Diamino-1,3-dibenzyluracil Diacetate’’ (9-Acetyl-1,3-dibenzyl-1,2,3,4,8,9-hexahydro-8- 
hydroxy-8-methyl-2,4-dioxopurine) (XVIII; R = CH,Ph).—“ 4,5-Diaminouracil diacetate ” * 
(1-0 g.) was heated under reflux in dry dimethylformamide (20 c.c.) with sodium hydrogen 
carbonate (1-0 g.)._ Benzyl chloride (1-3 c.c.) was added dropwise and, after 2 hr., the solution 
was cooled and evaporated to drynessin vacuo. The residue was triturated with water (10 c.c.) 
and extracted with ether (2 x 30 c.c.). The extracts were washed with aqueous sodium 
hydrogen carbonate solution and water and then dried (Na,CO,). After evaporation, the 
residual product crystallised from ethanol as needles (0-2 g.), m. p. 237° (Found: C, 64-9; H, 
5-1; N, 13-6. C,,H,.O,N, requires C, 65-0; H, 5-45; N, 13-8%), vmax (KBr disc) 1656s and 
1704s cm.*1. 

1,3-Dibenzylxanthine (XVII).—A solution of the above dibenzyl derivative (200 mg.) in 
formamide (10 c.c.) was heated under reflux during 15 min. and poured into water (15c.c.). The 
xanthine was collected and crystallised from methanol and from benzene-light petroleum 
(b. p. 60—80°) as rods (130 mg.), m. p. 225° (corr.) (Found: C, 69-1; H, 5-05; N, 16-9. 
C,9H,,O,N, requires C, 68-7; H, 4-85; N, 16-85%), Amax, 204 and 274 my (log c 4-58 and 4-06). 

2,8-Dichloro-6-dibenzylaminopurine (VIII; R= R”’ =Cl, R’ = H).—2,6,8-Trichloro- 
purine #1 (2 g.) and dibenzylamine (3-5 c.c.) were heated under reflux in dry butan-1-ol during 
3 hr. and the solution was cooled. The precipitate was dissolved in 0-1N-sodium hydroxide (50 
c.c.) and the solution extracted with ether (2 x 50 c.c.) and acidified with dilute acetic acid to 
pH 5. The purine separated and crystallised from ethanol in needles (2-5 g.), m. p. 257° (corr.) 
(Found: C, 56-9; H, 4-4; N, 17-1; Cl, 17-6. C,)sH,;N;Cl,,H,O requires C, 56-8; H, 4:25; N, 
17-35; Cl, 17-7%). 

2,8-Dichloro-6-dibenzylamino-9-methylpurine (VIII; R= R” = Cl, R’ = Me).—2,6,8-Tri- 
chloro-9-methylpurine *? (0-5 g.) and dibenzylamine (1 c.c.) were heated under reflux in dry 
butan-1-ol (12 c.c.) during 3 hr. and then cooled. The crystalline precipitate was extracted with 
hot ether (2 x 30 c.c.), and the extracts were evaporated in vacuo. The residual methylpurine 
recrystallised from ethanol as needles (0-55 g.), m. p. 151-5° (corr.) (Found: C, 60-3; H, 4-4; 
N, 17-4; Cl, 18-7. C.9H,,N,Cl, requires C, 60-3; H, 4:3; N, 17-6; Cl, 17-9%), Amax, 283 mp 
(log ¢ 4:28) with inflexions at 210 and 225 mu. 

6-Dibenzylaminopurine (VIII; R= R’ = R” = H).—6-Chloropurine * (0-2 g.) and di- 
benzylamine (2-1 c.c.) were heated under reflux in dry butan-1l-ol (10 c.c.) during 4 hr. The 


%® Bredereck, Hennig, Pfleiderer, and Weber, Chem. Ber., 1953, 86, 333. 
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yellow solution was cooled to 40°, diluted with ethanol (5 c.c.), and filtered to remove dibenzyl- 
amine hydrochloride (0-6 g.; m. p. 256°). On cooling of the filtrate at 0°, 6-dibenzylaminopurine 
separated; it crystallised from ethanol as prisms (1-1 g.), m. p. 184° (Found: C, 72-2; H, 5-25; 
N, 22:6. (C,,H,,N,; requires C, 72-35; H, 5-45; N, 22:2%). The picrate crystallised from 
ethanol as plates, m. p. 203° (Found: C, 55-1; H, 3-8; N, 20-3. C,,;H,,O,N, requires C, 55-15; 
H, 3°75; N, 20-6%). 
6-(N-Benzyl-N-methylamino)purine (IX; R = H) was prepared by the method of Bullock 
et al.2?7 and found to have m. p. 212-5° (corr.) (Found: N, 29-3. Calc. for C,;H,,N,: N, 29-3%). 
6-Benzylaminopurine (X; R = H).—2,8-Dichloro-6-dibenzylaminopurine (500 mg.) was 
stirred in liquid ammonia (30 c.c.), and a solution of sodium (300 mg.) in liquid ammonia (20 c.c.) 
added dropwise until the blue colour persisted. The solution was then stirred during 1 hr. 
Ammonium chloride (1 g.) was added and the ammonia allowed to evaporate. The residue 
crystallised from water, to give the purine (230 mg.), m. p. 230° (corr.) (Found: C, 63-9; H, 5-1; 
N, 31-1. Calc. for C,,H,,N;: C, 64-0; H, 4:9; N, 31-1%). A sample prepared by the method 
of Skinner and Shive ** had m. p. 229—230° and did not depress the m. p. of the above product. 
4- Amino - 6-dibenzylamino - 2-methylthiopyrimidine. —4-Amino-6-chloro-2-methylthiopyr- 
imidine *? (2 g.) and dibenzylamine (5 c.c.) were heated at 180° during 4 hr. in a sealed tube 
which was then cooled and opened. The solid mass was extracted with hot benzene 
(2 x 15 c.c.), and the combined extracts were washed with water (2 x 20 c.c.) and dried 
(Na,CO,). Addition of light petroleum (100 c.c.; b. p. 60—80°) precipitated a yellow amine 
which crystallised from ethyl acetate and from ethanol as colourless prisms (2-2 g.), m. p. 138° 
(Found: C, 67-6; H, 5-6. Cy, ,H.)N,S requires C, 67-4; H, 5-95%). 
6-Dibenzylamino-2-methylthiopurine.—The above pyrimidine (5 g.) in 50% aqueous acetic 
acid (100 c.c.) containing concentrated hydrochloric acid (1 c.c.) was stirred at —5° while a 
solution of sodium nitrite (1-25 g.) in water (10 c.c.) was added dropwise. After 2 hr. the 
solution was diluted with water (200 c.c.) and extracted with chloroform (2 x 30c.c.). After 
drying (MgSO,), the extracts were evaporated and the nitroso-compound was extracted with 
light petroleum (2 x 50 c.c.; b. p. 60—80°) to give a green oil (2-4 g.) on evaporation. 
This was dissolved in warm acetone (30 c.c.) and reduced with sodium dithionite (2 g.) in water 
(25 c.c.). After 3 min., the colourless solution was diluted with water (50 c.c.) and extracted 
with chloroform (3 x 10c.c.). The extracts were dried and evaporated, to give the crude amine 
(1-0 g.). This was heated in formic acid (10 c.c.) at 100° during 1 hr. and poured into water. 
The formamido-compound was separated and obtained from methanol-light petroleum as a 
white solid (120 mg.), m. p. 204° (decomp.), Amax, 245 and 269 my (log ¢ 4-56 and 4-05). Further 
dilution of the mother-liquor with light petroleum gave a white solid, m. p. 130—140°, which was 
not investigated further. The formamido-compound was fused at 250° during 15 min.; the 
product (40 mg.), crystallised from ethanol (charcoal), had m. p. 206-5° (corr.) (Found: C, 67-0; 
H, 5-7; S, 8-6. C 9H,,N;S requires C, 66-5; H, 5-3; S, 8-85%). 
8-Mercapto-2-methylthioadenine.—4,5,6-Triaminopyrimidine ** (1-7 g.) in pyridine (15 c.c.) 
was warmed with carbon disulphide (2 c.c.) at 60° during 30 min. The excess of carbon 
disulphide was then allowed to evaporate, the solution heated under reflux at 115° during 
10 min., and most of the pyridine then evaporated in vacuo. The yellow mercaptopurine was 
triturated with hot ethanol and, crystallised from pyridine, had m. p. 305° (decomp.) (1-9 g.) 
(Found: C, 33-8; H, 2-95; S, 30-6. C,H,N,S, requires C, 33-8; H, 3-3; S, 30-0%). 
2,8-Dimethylthioadenine (XI; R = H).—The above mercaptopurine (1-9 g.) was dissolved in 
an equivalent amount of N-sodium hydroxide solution (9 c.c.) and stirred while dimethyl] sulphate 
(0-85 c.c.) was added dropwise. After 10 min., the solid was separated, washed with aqueous 
ethanol, and dried. The product (1-75 g.) crystallised either from ethanol as needles or from 
water as prisms, m. p. 254° (corr.) (Found: C, 37-3; H, 4-15; S, 27-8. C,H,N,S, requires C, 37-0; 
H, 3-95; S, 28-2%). 
9-Methyl-2,8-dimethylthioadenine (XI; R = Me).—(i) 5,6-Diamino-4-methylamino-2-methyl- 
thiopyrimidine was prepared by the method of Baddiley e¢ al.** and crystallised from water 
as yellow prisms, m. p. 151°. The picrate, crystallised from ethanol, had m. p. 208° 
(decomp.) (rapid heating) or m. p. 195° (slow heating) (Found: C, 35-3; H, 3-4; S, 8-05. 
C,.H,,O,N,S requires C, 34:7; H, 3:4; S, 7:°7%). The pyrimidine was cyclised with 
carbon disulphide in pyridine in the above manner and the product methylated as 
above. The methylpurine crystallised from ethanol as rods, m. p. 235°5° (Found: C, 
40-3; H, 4:75; N, 29-1; S, 26-6. C,H,,N,S, requires C, 39-85; H, 4-6; N, 29-05; S, 26-55%). 
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(ii) 2,8-Dimethylthioadenine (0-9 g.) and methyl iodide (0-25 c.c.) in 0-5N-ethanolic sodium 
hydroxide (8 c.c.) were warmed at 70° during 30 min. and the solution cooled. The product 
was filtered off, washed, and recrystallised from ethanol as rods (0-8 g.), m. p. 236°, undepressed 
on admixture with the product obtained as above (Found: C, 39-8; H, 4-5; S,25-8%). Both 
preparations had the same ultraviolet spectrum, viz., in EtOH Amax. 204, 230, and 290 my (log ¢ 
4-20, 4-41, and 4-32 respectively) or in 0-01N-hydrochloric acid Aj, 228 and 290 my (log ¢ 4-36 
and 4-31). 

9-Benzyl-2,8-dimethylthioadenine (XI; R = CH,Ph).—This compound was prepared by the 
action of benzyl bromide (0-53 c.c.) on the purine (1-0 g.) as for the 9-methyl derivative in 
method (ii) above and, crystallised from ethanol—benzene, had m. p. 205—206° (corr.) (Found: 
C, 52-8; H, 4:9; S, 20-2. C,,H,,N,S, requires C, 53-0; H, 4:8; S, 20-2%), Amax, 208, 230, and 
291 my (log ¢ 4-43, 4-41, and 4-33 respectively). 

4,6-Diamino-5-(N’-ethylthioureido)-2-methylthiopyrimidine (XII).—A solution of 4,5,6-tri- 
amino-2-methylthiopyrimidine (2-5 g.) and ethyl isothiocyanate (1-4 c.c.) in ethanol (15 c.c.) 
was heated under reflux during 30 min. and cooled. The solid was separated, washed with 
water and ethanol, and crystallised from water to give the product (2-8 g.) m. p. >315° (Found: 
C, 37-0; H, 5-3; N, 33-0; S, 24-4. C,H,,N,S, requires C, 37:2; H, 5-45; N, 32°55; S, 
24-8%). 

2-Chloro-9-methyl-8-methylthioadenine.—2,8-Dichloro-9-methyladenine *4 (250 mg.), methane- 
thiol (0-2 c.c.), and sodium methoxide (from 60 mg. of sodium) were heated under reflux in 
absolute methanol (5 c.c.) during 5 min. and then shaken at room temperature during 12 hr. 
The precipitate was filtered off and crystallised from ethanol as plates (150 mg.), m. p. 283° 
(Found: C, 36-4; H, 3-25; N, 29-6; S, 13-9; Cl, 15-6. C,H,CIN,S requires C, 36-55; H, 3-5; 
N, 30-4; S, 13-9; Cl, 154%), Amax. 223 and 281 muy (log e 4-44 and 4-34). 

7-Methyl-2,8-dimethylthioadenine.—2,8-Dichloro-7-methyladenine ** (1 g.) and a solution of 
potassium sulphide (1 g.) in water saturated with hydrogen sulphide were heated at 120° ina 
sealed tube during 6 hr. After cooling, the solution was filtered and acidified with dilute acetic 
acid. The white precipitate was washed, dissolved in N-sodium hydroxide (10 c.c.), and shaken 
with dimethyl sulphate (0-7 c.c.). After 15 min. the precipitated sulphide was filtered off, 
washed with aqueous methanol, and crystallised from methanol and then aqueous methanol as 
needles (0-25 g.), m. p. 261—263° (corr.) (Found: C, 39-6; H, 4:35; N, 28-9; S, 26-9. C,H,,N;,S, 
requires C, 39-85; H, 4-6; N, 29-05; S, 26-55%), Amax, 241 and 298 my (log ¢ 4:39 and 4-04). 

7-Methyl-2-methylthioadenine (XIV).—4,6-Diamino-5-formamido-2-methylthiopyrimidine * 
(0-9 g.) was introduced into refluxing anhydrous dioxan (100 c.c.) containing lithium aluminium 
hydride (600 mg.) by hot extraction from a thimble. After extraction was complete, the 
solution was heated under reflux during 1 hr. and left to cool overnight. The excess of hydride 
was destroyed by wet ethyl acetate (15 c.c.). Water (10 c.c.) was added and the suspension 
warmed to 80° and filtered from the inorganic precipitate. The brown solution was acidified 
with dilute sulphuric acid and evaporated to dryness in vacuo. The residue was dissolved in hot 
water (10 c.c.), filtered, and neutralised to pH 9 with alkali to precipitate 4,6-diamino-5-methyl- 
amino-2-methylthiopyrimidine, which crystallised from ethanol as brown needles (100 mg.), 
m. p. 170° raised to m. p. 172° after recrystallisation from hot water, Amax, in EtOH 218 and 
277 mu (log ¢ 4-52 and 4-00), in 0-1N-hydrochloric acid 215, 239, and 279 my (log ¢ 4-27, 4-28, and 
4-03 respectively). 

The methylaminopyrimidine (60 mg.) was heated under reflux in dry formamide (2 c.c.) 
during 1 hr. and the solution poured into water (10 c.c.) and evaporated to dryness in vacuo. 
The residue crystallised from ethanol as prisms, and then sublimed at 230°/10°' mm. as prisms 
(30 mg ), m. p. 282—283° (corr.) (Found: C, 43-3; H, 4-4; N, 34:8; S, 16-3. C,H,N,S requires 
C, 43-05; H, 4-65; N, 35-9; S, 164%), Amax, in H,O 212, 237, and 286 my (log < 4-19, 4-33, and 
3-84 respectively), in 0-1N-HCl 246 and 289 my (log ¢ 4:31 and 4-03). 

An attempt to cyclise the 5-methylaminopyrimidine with carbon disulphide in pyridine 
under the usual conditions resulted in 95% recovery of unchanged starting material. 

2,8-Dimercaptoadenine.—An intimate mixture of dry thiourea (1 g.) and 4,5,6-triamino-2- 
mercaptopyrimidine * (1 g.) was fused during 1 hr. at 180°. The melt was cooled and disolved 
in 10% aqueous ammonia (100 c.c.), and the solution was filtered through charcoal. The 
product was precipitated by dilute acetic acid, collected, and washed. Repeated precipitation 
from dilute ammonia solution gave yellow crystals (0-8 g.), m. p. 320° (Found: C, 30-0; H, 

© Traube, Annalen, 1904, 331 64. 
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2-65; S, 31-9. C;H;N,S, requires C, 30-1; H, 2-5; S, 32-2%), Amax. 311 and 363 my (log ¢ 4-34 
and 4-17) in dimethylformamide. 

Partial Desulphurisation of 9-Methyl-2,8-dimethylthioadenine.—The dimethylthio-com- 
pound (190 mg.) was heated with Raney nickel (matured at 100° in preparation) in boiling 
absolute ethanol (12 c.c.) during 1 hr. The hot solution was filtered and the nickel residue twice 
extracted with hot ethanol (2 x 5 cc.). The combined extracts were evaporated to dryness 
with the bulk of the solution and the residue crystallised from alcohol. It had m. p. 259° 
undepressed on mixing with an authentic sample of 9-methyl-2-methylthioadenine,®* Ama, 
277 my (log ¢ 4-11) in 0-05N-NaOH, 270 my (log ¢ 4-09) in 0-05N-HC1. 

Chloromercuripurines.—These were prepared by the general method of Davoll and Lowy," 
by slow addition of an equivalent amount of ethanolic mercuric chloride to a stirred aqueous, 
aqueous-ethanolic, or ethanolic solution of the sodium derivative of the purine. The 
precipitated salt was collected, washed, and dried (P,O, im vacuo), ground, and dried again. 
The yields of the glycosides obtained on reaction of these salts with sugar derivatives were not 
consistently improved by precipitation of the salt in the presence of ‘“‘ Diatomite ’’ but were 
more dependent on the thoroughness of grinding of the dry chloromercuripurine. 

Some of these salts appeared to be light-sensitive, becoming blue or green-blue after a few 
hours’ exposure to daylight. They were not characterised but were brought into reaction 
immediately with the acylhalogeno-sugar in dry xylene in the usual way." 

The finely divided chloromercuripurine was stirred vigorously in xylene which was heated 
under a Dean and Stark separator until the condensate was water-free. The dry acylhalogeno- 
sugar (small excess) was rapidly added and stirring continued under reflux for 2 or more hours 
after which the mixture was filtered while hot through ‘‘ Diatomite ’’ and the residue extracted 
with chloroform. The xylene sdlution was diluted with light petroleum, and the crude 
precipitated product taken up in the chloroform extracts. This solution was then extracted 
with 10% potassium iodide solution (to remove mercury salts), then with water, dried, and 
evaporated to dryness under reduced pressure. The crude gummy product was then 
purified. 

6-Chloro-9-(tetra-O-acetyl-B-p-glucopyranosyl)purine.—6-Chloropurinylmercuric chloride ®° (1 
g.) in xylene (100 c.c.) was allowed to react with acetobromoglucose (0-9 g.) during 4 hr. as 
described above. The crude product was dissolved in hot ethanol (10 c.c.) from which the 
glycoside separated on cooling. This was chromatographed on acid-washed alumina, elution 
with benzene-10% chloroform, and crystallisation from ethanol giving the product (100 mg.), 
m. p. 163° (Found: C, 46-1; H, 4:1; N, 11-6; Cl, 7-1. C,gH,,CIN,O, requires C, 47-0; H, 
4-35; N, 11-6; Cl, 7-3%). 

9-8-p-Glucopyranosyladenine.*—The above glycoside (25 mg.) was heated in a sealed tube 
with ethanolic ammonia (6 c.c.) at 140° during 2 hr. The solution was evaporated to dryness 
and the glucoside crystallised twice from aqueous acetone, to give colourless crystals (7 mg.), 
m. p. 207° undepressed on admixture with an authentic sample of m. p. 209°, Amax, 260 my (loge 
4-08) in 0-1N-HCI. 

2,8-Dichloro-6-dibenzylamino-9-(tetra-O-acetyl-B-p-glucopyranosyl)purine [VIIIl; R= R” = 
Cl, R’ = C,H,O(OAc),).—2,8-Dichloro-chloromercuri-6-dibenzylaminopurine (1-2 g.) and aceto- 
bromoglucose (1-2 g.) reacted in refluxing xylene (50 c.c.) during 3hr. The glycoside crystallised 
from ethanol as needles (200 mg.), m. p. 208°, [a],,22 —51° (c 1-5 in CHCI,) (Found: C, 55-1; 
H, 4:8; N, 9-75; Cl, 10-7. C,,H,,Cl,N,O, requires C, 55-4; H, 4-65; N, 9-8; Cl, 10-0%), Amax. 
284 mu (log ¢ 4-40), infl. 210 and 225 my (log ¢ 4-47 and 4-37 respectively). 

6-Dibenzylamino-9-(tetra-O-acetyl-B-p-glucopyranosyl)purine [VIII; R= R” =H, R’= 
C,H,O(OAc),].—Chloromercuri-6-dibenzylaminopurine (2-6 g.) reacted with acetobromoglucose 
(3 g.) in dry boiling xylene (80 c.c.) during 3} hr. The crude product crystallised from ethanol 
to give the glycoside (1:25 g.). A portion (100 mg.) was chromatographed on acid-washed 
alumina, and eluted with benzene-10% chloroform as a single band, fluorescent in ultraviolet 
light. On evaporation and crystallisation from ethanol this fraction gave the product (40 mg.), 
m. p. 162° (corr.), {a),,2* —66° (c 1 in CHCI,) (Found: C, 61-4; H, 5-6. C33H;,N,O, requires C, 
61-4; H, 5-45%), Amax, 278 my (log & 4-36). 

6-Benzylamino-9-8-p-glucopyranosylpurine [VIII; R= R” =H, R’ = C,H,O(OH),).— 
(i) 6-Dibenzylamino-9-(tetra-O-acetyl)-8-p-glucopyranosylpurine (520 mg.) was stirred in 
solution in liquid ammonia (40 c.c.) while a solution of sodium (300 mg.) in liquid ammonia 
(30 c.c.) was added dropwise until the blue colour persisted, then the mixture was stirred for a 
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further hour. Ammonium chloride (500 mg.) was added and the solvent allowed to evaporate, 
The residue was washed with ether (2 x 10 c.c.) and extracted with hot ethanol (2 x 15 c.c.), 
Evaporation of the extract gave the glucoside, which crystallised from ethanol as needles 
(300 mg.), m. p. 188—190° (corr.), solidifying and remelting at 211° (Found: C, 55-8; H, 5-2; 
N, 17-8. C,ygH,,N,;O; requires C, 55-8; H, 5-45; N, 181%). 

(ii) By a similar method, 2,8-dichloro-6-dibenzylamino-9-(tetra-O-acetyl)-8-p-glucopyr- 
anosylpurine (120 mg.) was reduced to the same glucoside (50 mg.), m. p. 188—190° (corr.), 

6 - (N-Benzyl-N -methylamino) -7 -(tetra-O-acetyl-B-p-glucopyranosyl)purine [IX; R= 
C,H,O(OAc),].—In this case, the chloromercuripurine was prepared by the slow addition of the 
sodium hydroxide solution to a stirred suspension of 6-(N-benzyl-N-methylamino)purine in a 
warm ethanolic solution of the equivalent amount of mercuric chloride. The mercuri-compound 
(630 mg.) and acetobromoglucose (750 mg.) were heated during 4 hr. in dry xylene (50 c.c.), 
The crude product was chromatographed on alumina (Spence grade ‘‘ H ’’) and developed with 
chloroform, the eluted fractions (of 10 c.c.) being examined for ultraviolet absorption. 

The first eluted fractions had Ay, 305 my and were combined and evaporated. Crystallis- 
ation from ethanol gave the 7-glycoside (50 mg.), m. p. 127°, [a],,2* — 15° (c 0-55 in CHCI,) (Found: 
C, 56-5; H, 5-45; N, 12-0. C,,H;,N,O, requires C, 56-9; H, 5-5; N, 12-3%), Amax 223 and 
305 my (log « 4:20 and 4-21 respectively). The next fractions showed a gradual change of 
maximum absorption to 280 mu. Evaporation of these fractions and crystallisation of the 
residue from ethanol gave the 9-isomer contaminated with the 7-isomer as shown by the shoulder 
at the longer wavelength. It hadm. p. 105°; Amax, 277 my (log ¢ 4-11), infl. 302 my. When this 
material was rechromatographed, the shoulder persisted through all fractions. 

6-Benzylamino-9-(tri-O-acetyl-B-p-ribopyranosyl)purine [X; R = C;H,O(OAc),|.—6-Benzyl- 
aminochloromercuripurine (1-5 g.) and tri-O-acetylribopyranosyl chloride (from 1-5 g. of tetra- 
O-acetyl-p-ribopyranose **) in dry xylene (100 c.c.) were heated during 3 hr. and the crude 
product isolated in the usual way. This was chromatographed on acid-washed alumina and 
developed with chloroform. All the ultraviolet-fluorescent fractions eluted had maximum 
absorption at 271 my. These were combined and evaporated to dryness. The glycoside 
(0-82 g.) thus obtained formed an amorphous solid from methanol-ether. A sample was twice 
rechromatographed for analysis (Found: C, 55-5; H, 5:2; N, 13-7. C,,;H,,;N,;O,,CH,OH 
requires C, 55-9; H, 5-65; N, 13-6%), Amax. 208 and 271 my (log ¢ 4:36 and 4-19 respectively). 

A sample was deacetylated with sodium ethoxide in boiling ethanol to give 6-benzylamino-9- 
8-p-ribopyranosylpurine, which crystallised from water as prisms, m. p. 123—124° (corr.) 
(Found: C, 55-9; H, 5-75; N, 19-0. C,,H,,N;O,,4H,O requires C, 55-75; H, 5-5; N, 19-15%), 
Amax, 209 and 268 my (log ¢ 4-36 and 4-25) in MeOH. 

Reaction of 6-(N-Benzyl-N-methylamino) purine and Tri-O-benzoylribofuranosyl Bromide.—The 
chloromercuripurine (above) (0-75 g.) reacted with tri-O-benzoylribofuranosyl bromide (from 
1:4 g. of 1-O-acetyl-2,3,5-tri-O-benzoyl-p-ribofuranose 1) in boiling xylene (70 c.c.) during 3 hr. 
and the crude product was isolated in the usual way. This was chromatographed on alumina 
(Spence grade “‘H”’), with elution by chloroform—benzene; the ultraviolet-fluorescent eluates 
were examined for light absorption. All such fractions had Am,x. 277 my. These were combined 
and evaporated to a colourless glass (0-8 g.). 

An attempt to reduce the glycoside with sodium in liquid ammonia appeared to decompose 
the compound. 

2,8-Dimethylthio-9-8-p-glucopyranosyladenine (XI; R = C,H,,0,;).—Chloromercuri-2,8-di- 
methylthioadenine (1-4 g.) was treated with acetobromoglucose (1-5 g.) in refluxing dry xylene 
(40 c.c.) during 1 hr. The crude glycoside, obtained as a gum, was deacetylated in methanolic 
ammonia during 2 days at 10°. The product was obtained as a pale yellow powder (from 
ethanol) (0-5 g.), m. p. 184°, Anax, 231 and 290 my (log ¢ 4-31 and 4-28 respectively). The picrate 
was obtained as plates (from ethanol), m. p. 188° (decomp.) (Found: C, 36-9; H, 3-75; N, 18-1. 
Cy9H.2N,0;.5, requires C, 36-65; H, 3-55; N, 18-0%). 

2,8-Dimethylthio-9-(tri-O-benzoyl-B-p-ribofuranosyl)adenine [XI; R = C,;H,O(OBz),].—The 
above chloromercuripurine (2-1 g.) was treated in dry toluene (150 c.c.) with 1-O-acetyl-2,3,5- 
tri-O-benzoyl-p-ribofuranose (1-85 g., converted into the 1l-chloro-compound). The crude 
product was a yellowish amorphous solid (2-9 g.) after separation from ethanol. The product 
was washed with coid benzene and crystallised from ethanol-10% ethyl acetate to give the 
riboside as needles (1-1 g.), m. p. 210° (corr.), {aJ,,** +22-3° (c 1-04 in CHCI,) (Found: C, 58-9; 

*t Kissman, Pidacks, and Baker, J. Amer. Chem. Soc., 1955, 77, 18. 
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H, 4:2; N, 10-4; S, 9-95. (C,,H.,O,S, requires C, 59-0; H, 4:35; N, 10-4; S, 955%), Amax. 234 
and 292 my (log « 4-77 and 4-35). 

The benzene washings were chromatographed on acid-washed alumina and developed with 
benzene, to give, first, 1-O-acetyl-2,3,5-tri-O-benzoyl-p-ribofuranose (90 mg.), m. p. 125° 
undepressed on admixture with an authentic sample of m. p. 126°, and then the above riboside 
(400 mg.) as needles, m. p. 208° (from benzene). 

2,8-Dimethylthio-9-(tri-O-acetyl-B-p-ribofuranosyl)adenine [X1; R = C;H,O(OAc),].—The 
chloromercuriadenine (3-2 g.) reacted in dry xylene (150 c.c.) with tri-O-acetyl-p-ribofuranosyl 
chloride (from 3-4 g. of the tetra-acetate,*® m. p. 77—80°) during 24 hr. Unchanged 2,8-di- 
methylthioadenine (270 mg.) was extracted with hot ethanol from the chloroform-insoluble 
reaction residue. The product, crystallised from methanol (yield 1-47 g.), had m. p. 125—130°. 
This had a broad ultraviolet absorption maximum from 280 to 300 my. The methanolic mother- 
liquors were evaporated to dryness and the residue combined with the crude product and 
chromatographed on an acid-washed alumina column (30 x 4 cm.) and developed with 
benzene-10% chloroform. Fractions of 15 c.c. were collected and examined for ultraviolet 
absorption in the region of 285—305 my. Fractions 1—12 showed practically no absorption in 
this region. Fractions 13—16 had A, 297 my and were combined (eluate A). Fractions 17— 
28 had Amax. 292 my and were combined (eluate B). Further fractions had negligible light 
absorption. 

Eluate A was evaporated in vacuo and fractionally crystallised from propan-2-ol to give 
tetra-O-acetyl-p-ribofuranose (200 mg.), m. p. and mixed m. p. 81°. The mother-liquors were 
evaporated and the residue was chromatographed in benzene on an acid-washed alumina column 
(12 x 1-5cm.). The eluate containing the ultraviolet-fluorescent band was evaporated to a pale 
yellow glass (80 mg.), Amax. 203, 232, and 297 my (log ¢ 4-17, 4-40, and 4-29 respectively, based 
on C,;,H,,N;0,S,). This will hereafter be referred to as the 7-isomer. 

Eluate B was evaporated and recrystallised from methanol to give the 9-riboside (1-1 g.), 
m. p. 167° (corr.). A sample was rechromatographed and then crystallised from aqueous 
methanol, whereafter it had m. p. 178° (Found: C, 42-1; H, 5-5; N, 13-4; Loss, 5-75. 
C,,H,,;N,;O,S.,14H,O requires C, 42-2; H, 5-1; N, 13-65; Loss, 5-3. Ina sample dried at 110° 
invacuo: S, 13-3. C,g,H,,;N,;0,S, requires S, 13-3%). 

Distribution coefficients were measured spectroscopically for the system benzene—methanol- 
10% water: 9-isomer, D = 1-25; 7-isomer, D = 1-10. 

2,8-Dimethylthio-9-8-p-ribofuranosyladenine [XI; R = C;H,O(OH),].—(i) The above 2,8-di- 
methylthio-9-(tri-O-benzoyl)-8-p-ribofuranosyladenine (0-85 g.) was debenzoylated in boiling 
methanol containing sodium methoxide (from 0-05 g. of sodium) during 45 min. The product 
crystallised from ethanol in rods (0-35 g.), m. p. 230° (corr.) (Found: C, 41-3; H, 5-25; N, 18-6; 
$, 16-4. C,,H,,N,0,S,,3C,H;°OH requires C, 40-9; H, 5-25; N, 18-35; S, 16-7%), Amax, 289 mp 
(log e 4:31) in H,O. 

(ii) By the same method, the 2,8-dimethylthio-9-(tri-O-acetyl-8-p-ribofuranosyl)adenine 
(0-8 g.) gave the same riboside (0-2 g.), m. p. and mixed m. p. 230° (from ethanol—chloroform). 

Adenosine.—2,8-Dimethylthio-9-(tri-O-benzoyl-8-p-ribofuranosyl)adenine was desulphurised 
by stirring it with Raney nickel (ca. 1-5 g.) in refluxing ethanol (30 c.c.)—ethyl acetate (10 c.c.). 
After } hr., more Raney nickel (0-5 g.) was added. After a further $ hr. the hot solution was 
filtered and the nickel extracted with hot ethanol (2 x 20 c.c.). The combined filtrate and 
extracts were evaporated to dryness under reduced pressure and debenzoylated (as above) with 
sodium methoxide. The crude product crystallised from water (2 c.c.) to give adenosine as 
needles (49 mg.), m. p. 228°, mixed m. p. 227°. The picrate had m. p. and mixed m. p. 194° 
(Found: C, 39-1; H, 3-45. Calc. for C,gHygN,9,,: C, 39:2; H, 3-2%). The product had Amex. 
207 and 260 my (log ¢ 4-27 and-4-13) in H,O, 258 my (log ¢ 4-12) in 0-1N-HCl. 

Desulphurisation and Hydrolysis of 2,8-Dimethylthio-7-(tri-O-acetyl-B-p-ribofuranosyl)adenine. 
—The 7-isomer (15 mg.) was heated under reflux in ethyl acetate (1 c.c.) and ethanol (1 c.c.), and 
Raney nickel (200 mg.) was added in portions during 15 min. The reaction was continued until 
the ultraviolet absorption maximum of the solution was constant at 273 my. The solution was 
cooled, filtered, and evaporated totiryness. The residue was dissolved in water (2 c.c.) (pH 8; 
B.D.H. indicator paper). It had Ama, 272 my, infl. 286 my. 2N-Hydrochloric acid (8 c.c.) was 
added and the solution heated under reflux during 1 hr. The solution then had Ags, 264 mu. 
The solution was concentrated to 4 c.c. after neutralisation with dilute ammonia solution, 
“ spotted ”’ on Whatman No. | paper, and chromatographed in butanol-acetic acid—water 








4358 Blackburn and Johnson: 


(5: 1:4) against a control spot of p-ribose. When the dried paper was developed with aniline 
hydrogen phthalate,*? both the test and the control gave red-brown spots at Rp 0-31. 

9-Benzyloxycarbonyl-2-methylthioadenine (XV1).—2-Methylthioadenine (3-5 g.) was dissolved 
in warm water (20 c.c.) and N-sodium hydroxide (19 c.c.). Benzyl chloroformate (19 c.c. of a 
20% dioxan solution) was added dropwise with stirring. The white precipitate was filtered off, 
washed, and rapidly crystallised from methanol-10% chloroform to give the product (1-4 g.), 
m. p. 172° (decomp.) (Found: C, 53-4; H, 4:25; N, 21-6. C,H,3;N;O,S, requires C, 53-3; H, 
4:15; N, 22-2%), Amax, 285 and 277 mu (log e 4-21 and 4-11) in CHC]. 

A suspension of this compound (1-4 g.) in dry acetone (15 c.c.) containing 2,3,5-tri-O-benzoyl- 
ribosyl chloride (from 2 g. of the 1-O-acetylriboside ®®) was stirred under reflux during 24 hr, 
and filtered. The solid residue contained 2-methylthioadenine (0-53 g.), m. p. 287° (from 
ethanol). The acetone filtrate was evaporated under reduced pressure to 15 c.c. and cooled. 
A precipitate of 9-benzyloxycarbonyl-2-methylthioadenine (0-4 g.), m. p. 168°, was obtained. 
The acetone filtrate was evaporated to dryness in vacuo and the residue crystallised from dry 
benzene (10 c.c.) as needles (300 mg.), m. p. 139—140°, [aJ,2* +80-8° (c 1 in CHCI,) (1,3,5-tri- 
O-benzoyl-p-ribose ** has m. p. 142—143°, [aj,** +83-5°). It recrystallised from aqueous 
acetone as needles, m. p. 141-5—142-5° (corr.) (Found: C, 67:2; H, 4:65. Calc. for C,,.H,,0,: 
C, 67-5; H, 48%). 


We gratefully acknowledge the award of a Maintenance Grant (to G. M. B.) from Parke, 
Davis and Company, Ltd., who have also supplied several chemicals for this work. 
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846. The Synthesis of 7-Glycosylpurines. Part II.* Attempted 
Syntheses from Pyrimidines. 
By G. M. BLacKBURN and A. W. JOHNSON. 


Sugars can be condensed with the 5-amino-group of 4,5-diamino- 
pyrimidines to form the corresponding 5-glycosylamino-derivatives. 
Acylation of the 5-glycosylaminopyrimidines is difficult because of their 
low solubility and the lability of the glycoside linkage, properties which 
have so far prevented cyclisation of the free glycosides. Use of certain 
aldehydo-forms of the sugars in condensations with 4,5-diaminopyrimidines 
tends to yield pteridines. 


SYNTHESES directed towards the 7-glycosylpurines were described in the preceding paper 
in which acylhalogeno-sugars were condensed with mercury-derivatives of preformed 
purines. An alternative approach is now described in which the preparation of 4-amino-5- 
giycosylaminopyrimidines (I; Gl = glycosyl) is investigated, and from these compounds 
the 7-glycosylpurines (II) should be obtainable by cyclisation involving incorporation of 
an extra carbon atom. 


H 
N N 
R¢ S)NH; RZ ) Y aT NH, 
N. A“NHGI Nw N HN NHR 
R’ am 
G 
(I) (II) . '. (IIT) 
Many preparations have been described of the 5-amino-4-glycosylaminopyrimidines,' 
which are intermediates for the 9-glycosylpurines, and in consequence it is well established 


* Part I, preceding paper. 


1 Kenner, Fortschr. Chem. org. Naturstoffe, 1951, 8, 96; Baddiley, ‘‘ Nucleic Acids,” ed. Chargafi 
and Davidson, Academic Press, New York, 1955, Vol. I, 137. 
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that condensation of a free sugar or a suitably protected sugar derivative with a 4,5-di- 
aminopyrimidine will lead to the formation of the 5-glycosylaminopyrimidine (I). This 
js attributed to the greater electron density at position 5 than at position 4 of the pyrimidine 
ring. The first approach employed was an extension of the work of Thannhauser and 
Dorfmiiller? who condensed glucose with 4,5-diaminouracil in aqueous solution to 
obtain the 5-glucosyl derivative (III; R = glucosyl) in a yield of about 50%. We have 


H COCH; H 4 
o NN oNON oN. 
Tt any 4 ber ~ NY 
HN N Me HN N Me HN N-C6Hi Os 
re) R re) Ac oO CHO 
(IV) (V) (VI) 


found that this figure can be appreciably increased if condensation is effected in an inert 
atmosphere. When p-ribose was condensed with this pyrimidine, a crystalline ribosyl 
derivative (III; R = ribosyl) was obtained although in much lower yield. Both glycosyl 
derivatives with acetic anhydride in the presence of perchloric acid gave products which 
appeared to possess a fully acetylated pyranose sugar residue and two further acetyl 
groups on the chromophore. These have been assigned the structure (IV; R = glycosyl) 
by analogy with ‘“ diaminouracil diacetate’ (V). Milder acetylation did not lead to 
crystalline products, and this failure suggested that a pyrimidine derivative with acetylated 
sugar hydroxyl groups, but with free nuclear amino-groups to allow cyclisation to the 
purine, could not be obtained by this route. Any method of purine cyclisation applied 
to the acetyl compounds (IV) would clearly have to involve a preliminary deacetylation. 
The action of thiourea in hot dimethylformamide on (IV; R = tetra-acetylglucosyl) 
resulted in complete charring of the glucoside and was abandoned. Heat also failed to 
cause cyclisation. Better results were obtained with formic acid in dry formamide,‘ and 
the hexa-acetylglucosyl derivative (IV; R = tetra-acetylglucosyl) gave a deacetylated 
monoformyl derivative (VI). That this was not a hydrate of glucosylxanthine (VII) was 
shown by a comparison of its absorption spectrum (Amax. 264 my, log ¢ 4-08) with those of 
related compounds (glucosyl-4,5-diaminouracil, Amax. 272 my, log ¢ 4:08; 4-amino-5- 
formamidouracil,® Ama. 264 mu, log ¢ 4-19) and those of 7-substituted xanthines (7-methyl- 
xanthine,® Amax. 272 my, log ¢ 3-92; xanthosine,® An... 277 my, log ¢ 3-92). Although the 
detection of the formyl group in compound (VI) by hydrolysis, reduction to formaldehyde, 
and reaction with chromotropic acid ? was found to be subject to interference from glucose, 
the glucose was detected in the hydrolysate by chromatography on paper. Moreover, 
the absorption maximum at 264 my shown by the hydrolysate agreed with diaminouracil 
rather than xanthine. In view of the lack of success with the glucoside derivative (IV; 
R = tetra-acetylglucosyl), similar experiments on the less accessible ribose were not 
performed. 

In spite of the successful condensation of sugars with 4,5-diaminouracil in aqueous 
solution, ethanol was generally preferred as a solvent. It was found that the pyrimidine 
bases were insufficiently soluble in neutral aqueous solutions; in acid solutions, Amadori 
Teatrangements were favoured and in basic solutions the sugars tended to be charred. 
Reaction of ethanolic solutions of 4,5,6-triaminopyrimidine ® or 4,5-diamino-6-hydroxy- 
pyrimidine with sugars failed to yield crystalline glycosides but the introduction of 


* Thannhauser and Dorfmiiller, Ber., 1914, 47, 1304. 

* Bredereck, Hennig, and Pfleiderer, Chem. Ber., 1953, 86, 321. 

* Bendich, Tinker, and Brown, J. Amer. Chem. Soc., 1948, 70, 3109. 

° Cavalieri and Bendich, J. Amer. Chem. Soc., 1950, 72, 2587. 

* Cavalieri, Fox, Stone, and Chang, J. Amer. Chem. Soc., 1954, 76, 1119. 
* Eegriwe, Z. analyt. Chem., 1937, 110, 22. 

* Baddiley, Lythgoe, McNeil, and Todd, J., 1943, 383. 
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2-methylthio-groups into the pyrimidine ring facilitated the reaction. 4,5,6-Triamino-2- 
methylthiopyrimidine * condensed with both p-ribose and p-xylose in hot ethanol in the 
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CoH10s 4 CH,-OH 
(VIN) (VIII) 4 (IX) 
presence of ammonium chloride. The reactions were 4—5 times faster in the ribose than 
in the xylose series, which suggests that the sugar reacts in the aldehyde form, ribose 
solutions being known ® to contain a higher proportion of the open-chain sugar. A ribosyl 
derivative was also obtained in poor yield from 4,5-diamino-6-hydroxy-2-methylthio- 
pyrimidine.” 

The lability of the sugar residue was shown by the hydrolysis of the ribosyl derivative 
(VIII) in warm aqueous picric acid, the pyrimidine picrate being isolated and characterised, 
This ease of hydrolysis of the 5-glycosylaminopyrimidines probably explains their non- 
formation in aqueous solution unless pteridine formation displaces the equilibrium by 
removal of the sugar residue. The specific rotation values of the ribosyl derivative in 
water (—6°) and in pyridine (0°) favoured an «-furanose structure (VIII) as 2-methylthio- 
7-«-D-ribofuranosyladenine also has zero optical rotation." Berger and Lee ! found that 
ribosylamines prepared in hot ethanol have the «-furanose structure. The ribosylamine 
(VIII) with benzoyl chloride in dry pyridine gave an amorphous tetrabenzoate, which 
probably contained a ring N-benzoyl group because the light absorption was modified 
from that of the parent. On hydrolysis, the benzoate gave 2,3,4-tri-O-benzoyl-p-ribo- 
pyranose, which is not incompatible with the furanose structure for the ribosylamine, as 
2,3,4-tri-O-acetyl-p-ribopyranose has been obtained #* on hydrolysis of the pyridine 
acetylation product of N-p-ribofuranosylaniline. Attempted acetylation of the ribosyl- 
amine (VIII) or the xylose analogue with acetic anhydride under various conditions did 
not lead to crystalline or even homogeneous products. In one case, an attempted 
cyclisation with sodium dithioformate led to the 5-thioformamidopyrimidine. 

In view of the failure to acetylate the 5-glycosylaminopyrimidines without blocking 
the nuclear amino-groups, as had been achieved ™ for the 4-glycosylaminopyrimidines, 
it was subsequently proposed to protect the 4- and 6-amino-groups in compound (VIII) by 
benzylation until the acetylation of the sugar residue had been achieved. 4,6-Dichloro- 
2-methylpyrimidine * with benzylamine gave 4,6-di-(N-benzylamino)-2-methylpyrimidine 
which proved too insoluble in cold solvents to permit the introduction of the 5-amino-group 
through the 5-nitroso-compound. Attempted nitration of the di-(N-benzylamino)- 
pyrimidine with acetic acid and nitric acid gave a nitrate rather than a nitro-compound, 
as catalytic hydrogenation merely gave the parent di(benzylamino)methylpyrimidine. 

Hull ® has cyclised 4,5-diaminopyrimidines with sugar lactones without protecting 
the sugar hydroxyl groups and accordingly attempts were made to cyclise the ribosyl- 
amine (VIII) without prior acylation. Sodium dithioformate, either in water or in 
phosphate buffer at pH 7-5, gave a high yield of 4,6-diamino-2-methylthio-5-thioformamido- 
pyrimidine, a reaction which involves hydrolysis of the ribose residue. Carbon disulphide 
in anhydrous pyridine also removed the sugar and gave 8-mercapto-2-methylthioadenine 
(IX). 

*® Cantor and Peniston, J]. Amer. Chem. Soc., 1940, 62, 2113. 

1 Johns and Baumann, J. Biol. Chem., 1913, 14, 385. 

1 Friedrich and Bernhauer, Chem. Ber., 1956, 89, 2507. 

1 Berger and Lee, J]. Org. Chem., 1946, 11, 75. 

18 Howard, Kenner, Lythgoe, and Todd, /., 1946, 855. 

4 Howard, Lythgoe, and Todd, /., 1945, 556. 

1° Hull, J., 1958, 4069. , 
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Diethoxymethyl acetate is known * to convert 4,5-diaminopyrimidines into purines 
under mild conditions. In the present case, the ribosylamine (VIII) gave a small yield 
of a colourless crystalline compound which was formulated as 5-acetoxymethylidene- 
amino-4,6-diamino-2-methylthiopyrimidine (X) on the basis of analysis and its cyclisation 
by heat to 2-methylthioadenine with liberation of acetic acid. 
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Reaction of ethyl orthoformate with the ribosylamine (VIII) in glacial acetic acid gave 
an orange solid, the analysis and properties of which suggested that it was the hemihydrate 
of 4-amino-2-methylthio-7-trihydroxypropylpteridine {XI; R = -(CH(OH)],*CH,-OH}. 
The light absorption resembled that of the parent 4-amino-2-methylthiopteridine (XI; 
R=H), prepared from the triamine (XII) and glyoxal. Other conditions for the 
cyclisation of the ribosylamine (VIII), e.g., use of alkylformimidoyl ester hydrochlorides, 
formic acid, and thiourea, were either considered unsuitable in view of the lability of the 
sugar or gave rise to extensive decomposition. 

Attention was then turned to the condensation of aldehydo-sugars with 5-amino- 
pyrimidines and in particular with the triamine (XII), as cyclisation of the corresponding 
5-ribosylamino-derivative would give 2-methylthio-7-p-ribofuranosyladenine !” and then 
7-p-ribofuranosyladenine ™ itself by desulphurisation. 5-O-Trityl-p-ribose has been used 
in a related condensation '* in a synthesis of «-ribazole, but attempts to condense it with 
4,5,6-triaminopyrimidine in hot ethanol led to the products which, although not fully 
purified, had the characteristic spectra of pteridines. The use of 5-O-benzyl-p-ribose 
instead of the trityl compound gave similar results. Milder experimental conditions were 
precluded because of the insolubility of the pyrimidine. Although it was hoped that 
acylation of the 2-hydroxyl group of the sugar might prevent pteridine formation, condens- 
ation of the triamine (XII) with 2,3,4-tri-O-acetyl-5-O-trityl-p-ribose in hot ethanol again 
gave a yellow amorphous solid with the properties of a pteridine. Thus the condensation 
of aldehydo-sugars with 4,5-diaminopyrimidines gave pteridines and later attempts at the 
condensation were therefore carried out with derivatives of the less reactive cyclic forms 
of the sugar. 2,3,5-Tri-O-benzoyl-p-ribofuranose was prepared from 1-O-acetyl-2,3,5- 
tri-O-benzoyl-p-ribose 1 and condensed with the pyrimidine (XII) at room temperature. 
The product, although amorphous, was shown to be 4,6-diamino-2-methylthio-5-(2,3,5- 
tri-O-benzoyl-D-ribofuranosylamino)pyrimidine (XIII) on the basis of analysis, light 
absorption, and hydrolysis to the pyrimidine (XII) and 2,3,5-tri-O-benzoyl-p-ribose. 
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An attempted cyclisation of the tribenzoylribosylamine (XIII) with formic acid in 
formamide gave only a small quantity of 2-methylthioadenine, but the 7-ribosyl derivative 
Montgomery and Holum, J. Amer. Chem. Soc., 1958, 80, 404. 

" Friedrich and Bernhauer, Chem. Ber., 1957, 90, 1966. 


Brink, Holly, Shunk, Peel, Cahill, and Folkers, ]. Amer. Chem. Soc., 1950, 72, 1866. 
Kissman, Pidacks, and Baker, J. Amer. Chem. Soc., 1955, '77, 18. 
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could not be detected. On the other hand, reaction with ethyl orthoformate and acetic 
anhydride gave 1-O-acetyl-2,3,5-tri-O-benzoyl-pD-ribose but the chromophore, obtained 
as a pink non-crystalline powder, could not be purified. 

The greater difficulty of synthesising 7-glycosylpurines than of the 9-analogues is 
relevant when considering the biogenesis of the nucleotide portion of pseudovitamin B,,. 
The structures of Factor B phosphate (Factor C#2?) (XIV; R = PO,H~) and Factor B 

O- 
phosphoribose  [XIV; R = —P-(3-ribosyl)], which have been isolated from micro- 
O 
biological sources, lead progressively from Factor B (XIV; R = H) to a hydrated form 
of pseudovitamin B,, lacking the glycosidic linkage if adenine is co-ordinated to the 
metal.%-24 Thus formation of the 7-«-ribofuranosyl linkage, which probably involves 


the substitution at Cq) of phosphate or pyrophosphate by the base, is probably a late 
stage in the biogenesis and is a consequence of the fixed positions of the sugar and base. 


EXPERIMENTAL 

4-Amino-5-D-glucosylamino-2,6-dihydroxypyrimidine (III; RR = glucosyl).—This was pre- 
pared by the method of Thannhauser and Dorfmiiller,? but in improved yield (78% based on 
the pyrimidine) when the reaction mixture was evaporated in a stream of coal gas to prevent 
oxidation. The crystalline monohydrate (from 30% aqueous glucose solution) had m. p. 209° 
(decomp.) (Found: C, 37-1; H, 5-9; loss at 110°, 5-8. Calc. for C,gH,,0,N,,H,O: C, 37-3; H, 
5-6; loss, 5-6%). The anhydrous glucoside, obtained at 110° in vacuo (Found: N, 18-6. Cale. 
for CygH,,0,N,: N, 18-4%), had Amax, 274 my (log ¢ 4-09) in H,O. 

4-Amino-2,6-dihydroxy-5-p-ribosylaminopyrimidine , (III; R = ribosyl).—4,5-Diamino- 
uracil sulphate * (2 g.) in water (150 c.c.) at 100° was neutralised with dilute aqueous sodium 
hydroxide to pH 8 and p-ribose (5 g.) was added. The-solution was filtered, evaporated under 
reduced pressure to 15 c.c., and after } hr. at 80° was set aside at 0°. The ribosylamine (2 g.) 
crystallised in yellow prisms and was collected, washed with ice-water and then methanol, and 
dried; it had m. p. 195° (decomp.) (Found: C, 39-1; H, 5:25; N, 20-2. C,H,,O,N, requires 
C, 39-4; H, 5-15; N, 20-4%), Amax, 279 my (log ¢ 3-99) in H,O. 

9- Acetyl-8,9-dihydro-2,6,8-trihydroxy -8-methyl-7-D-tetra-acetylglucosylpurine (IV; R= 
tetra-acetylglucosyl).—4-Amino-5-p-glucosidamino-2,6-dihydroxypyrimidine (4 g.) was warmed 
with acetic anhydride (70 c.c.) containing perchloric acid (2 drops) until completely dissolved 
and set aside for 3 days at 20°. The pale yellow solution was evaporated at 80° under reduced 
pressure to 10 c.c. and ethanol (20 c.c.) added. After } hr. the solution was evaporated to 
dryness im vacuo and the residue crystallised from ethanol (100 c.c.). The acetate was obtained 
as prisms (4-7 g.), m. p. 249°, [a],24 + 10° (c 1-1 in EtOH) (Found: C, 47-8; H, 5-1; N, 10-0; 
O-Ac, 47-3. CygH,,0,3N, requires C, 47-5; H, 5-05; N, 10-1; 6 O-Ac, 46-4%). 

9-A cetyl-8,9-dihydro-2,6,8-trihydroxy-8-methyl-7-p-tri-O-acetylribosylpurine (IV; R= itn- 
acetylribosyl).—4-Amino-2,6-dihydroxy-5-p-ribosylaminopyrimidine (2 g.) in acetic anhydride 
(30 c.c.) containing perchloric acid (1 drop) was warmed. Only partial solution was effected 
and considerable charring occurred. After 4 hr. the mixture was filtered and ethanol (100 c.c,) 
added to the filtrate which was set aside for $ hr. and evaporated (to 5 c.c.) under reduced 
pressure. The acetate separated and was crystallised from ethanol-chloroform as crystals 
(0-25 g.), m. p. 270° (decomp.) (Found: C, 46-8; H, 4-65; N, 11-6. C,,H,,O,,N, requires 
C, 47-1; H, 5-0; N, 11-6%). 

4-Amino-5-(N-formyl-N -glucosylamino) -2,6-dihydroxypyrimidine (V1).—9-Acety1-8,9-di- 
hydro-2,6,8-trihydroxy-8-methyl-7-p-tetra-acetylglucosylpurine (above; 5 g.), formic acid 


* Barchielli, Boretti, di Marco, Julita, Migliacci, Minghetti, and Spalla, Biochem. J., 1960, 74, 382. 

21 Ford, Holdsworth, Kon, and Porter, Nature, 1953, 171, 148; Porter, Proc. Nutrition Soc., 1953, 
12, 106. 

#2 Dellweg and Bernhauer, Arch. Biochem. Biophys., 1957, 69, 74. 

23 Bernhauer, Becher, and Wilharm, Arch. Biochem. Biophys., 1959, 88, 248. 

*4 Johnson and Kay, /., 1960, 2979. 

25 Traube, Ber., 1900, 33, 1371. 
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(0-7 g.), and dry formamide (40 c.c.) were heated in a sealed tube at 160° during 3 hr. The 
cooled solution was filtered and evaporated to dryness in vacuo at 80°. The solid residue was 
extracted with hot methanol (20 c.c.) and the solution decolorised (charcoal) and cooled. A 
white deposit was filtered off and the filtrate diluted with acetone (20 c.c.) and set aside at 0°. 
The white semicrystalline precipitate was removed, washed with acetone, and crystallised 
from a little methanol. The formamido-compound (0-6 g.) had m. p. 226° (effervescence), 
solidifying and remelting at about 250° (Found: C, 40-1; H, 5-1; N, 16-5. C,,H,,O,N, requires 
C, 39°8; H, 4:85; N, 16-85%), Amax. 264 my (log ¢ 4-08) in H,O. 

This derivative (10 mg.) was heated in water (1 c.c.) containing concentrated hydrochloric 
acid (0-1 c.c.) at 90° during 3hr. Paper chromatography of the hydrolysate on Whatman No. 1 
paper in butanol-acetic acid—water (4: 1:5) and development with aniline phthalate * gave 
a brown spot at Ry 0-07, and in phenol—water one at 0-37, both identical with those of p-glucose 
controls. 

The hydrolysate was diluted to 10 c.c. with water and basified to pH 9 with alkali. The 
ultraviolet absorption was a maximum at 264 my (xanthine, 240 and 277 my at pH 9). 

4-Amino-6-hydroxy-5-xylosylaminopyrimidine.—A suspension of 4,5-diamino-6-hydroxy- 
pyrimidine (0-3 g.) and p-xylose (0-3 g.) in absolute ethanol (20 c.c.) was heated under reflux 
until complete dissolution was obtained. The solution was filtered, evaporated to 10 c.c., and 
cooled. The pale yellow amorphous product (0-15 g.) separated and was collected. It had 
m. p. 164—166° (decomp.) (Found: C, 40-8; H, 5-95. C,H,,O;N,,$H,O requires C, 40-5; 
H, 565%), Amax. 214 and 276 my (log ¢ 4:23 and 3-93) in EtOH. 

4,6-Diamino-2-methylthio-5-p-ribosylaminopyrimidine (VIII).—4,5,6-Triamino-2-methylthio- 
pyrimidine * (1-3 g.) and p-ribose (1-2 g.) were heated under reflux in absolute ethanol (20 c.c.) 
containing a trace of ammonium chloride as catalyst. After 10 min. a precipitate began to be 
formed and after a further 10 min. the mixture was cooled and filtered. The ribosylamine (2 g.) 
crystallised from methanol; it then had m. p. 183° (corr.), [a],?* —5-8° + 1° (c 2 in H,O), 
0° + 1° (c 1 in pyridine) (Found: C, 39-4; H, 5-4; S, 10-3. C, 9H,,O,N;S requires C, 39-6; 
H, 5°65; S, 10-55%), Amax, 217 and 275 my (log ¢ 4-43 and 3-92) in H,O. 

A solution of the riboside in warm water was treated with one equivalent of picric acid. 
4,5,6-Tviamino-2-methylthiopyrimidine picrate separated on cooling and crystallised from water 
as orange prisms, m. p. 209—210° (corr.) (Found: C, 33-2; H, 2-9; N, 27-6. C,,H,,0O,N,S 
requires C, 33-0; H, 3-0; N, 27-8%). 

4,6-Diamino-2-methylthio-5-p-xylosylaminopyrimidine.—By the same procedure, D-xylose 
(1 g.) and the triamine (1-1 g.) gave a crystalline precipitate after being heated under reflux 
during 40 min. in ethanol. The xylosylamine (1-5 g.) was obtained as prisms, m. p. 204° 
(decomp.), from absolute methanol (Found: C, 39-8; H, 6-4; S, 10-5%), Amax, 216 and 274 my 
(log ¢ 4-26 and 3-81) in H,O. 

4,6-Diamino-2-methylthio-5-D-ribosylaminopyrimidine Tetrabenzoyl Derivative-—The above 
ribosylamine (0-6 g.) in dry pyridine (40 c.c.) was treated with benzoyl chloride (1-4 c.c.) at 0° 
and set aside at 22°. After 3 days the solution was reduced to 5 c.c. and mixed with water 
(50 c.c.); the product solidified and was dissolved in hot benzene (15 c.c.) which was diluted 
with light petroleum until turbid and then cooled. The solution was later decanted from a red 
oil and diluted with light petroleum, to give a pale yellow solid. This derivative was purified 
by repeated chromatography in benzene on acid-washed alumina and then precipitated from 
benzene with light petroleum as an amorphous cream-coloured solid (1-1 g.) (Found: C, 63-5; 
H, 4:95. C,,H,,0,N,S requires C, 63-4; H, 46%), Amax, 232 and 252 my (log ¢ 4-72 and 4-52) 
in ethyl acetate. 

The tetrabenzoylribosylamine (0-3 g.) was hydrolysed by heating it in acetone (20 c.c.), 
water (10 c.c.), and concentrated hydrochloric acid (2 c.c.) for 5 hr. The acetone was then 
distilled off and the aqueous solution extracted with chloroform (2 x 15 c.c.). The combined 
extracts were washed successively with dilute hydrochloric acid, sodium hydrogen carbonate 
solution, and water, dried (MgSO,), and evaporated in vacuo. The residue crystallised from 
aqueous ethanol as needles (80 mg.), m. p. 135—137°, [a],,2* —39° + 2° (¢ 1 in CHCI,). 2,3,4- 
Tri-O-benzoyl-p-ribopyranose *’ has m. p. 135—137°, [a],, —42-2° (c 1-4 in CHCI,). 

4-A mino-6-hydroxy-2-methylthio-5-p-ribosylaminopyrimidine.—A solution of p-ribose (1-0 g.) 
and 4,5-diamino-6-hydroxy-2-methylthiopyrimidine (1-1 g.) in absolute ethanol (20 c.c.) was 

* Partridge, Nature, 1949, 164, 443. 

* Fletcher and Ness, J]. Amer. Chem. Soc., 1954, 76, 760. 
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heated under reflux during 4 hr., evaporated to half-volume, and cooled. The ribosylaming 
separated as a finely divided solid, was removed, and recrystallised from aqueous acetone as 
plates (150 mg.), m. p. 175—176° (Found: C, 39-3; H, 5-3; N, 18-4. Cj 9H,,0;N,S requires 
C, 39-45; H, 5-3; N, 184%), Amax. 235 and 281 my (log ¢ 4-04 and 3-91) in 0-01N-HCI, 210, 269, 
and 349 my (log ¢ 4-16, 4-08, and 3-64) in 0-01n-NaOH. 

4,6-Di(benzylamino)-2-methylpyrimidine.—4,6-Dichloro-2-methylpyrimidine * (2 g.) and 
benzylamine (6-6 c.c.) were heated in a sealed tube at 200° during 3 hr. After cooling, the 
crystalline mixture was extracted twice with hot water and recrystallised from ethanol. The 
product (1-9 g.) had m. p. 191-5° (Found: C, 74-8; H, 6-25; N, 18-8. Cj, gH, N, requires C, 75-0; 
H, 6-6; N, 18-4%). 

This pyrimidine (2 g.) was added in portions to a stirred mixture of glacial acetic acid (10 c.c.) 
and 93% nitric acid (5 c.c.) at room temperature. After 14 hr. the solution was poured on 
crushed ice (50 g.), and the precipitate triturated till solid. The nitrate crystallised from 
ethanol as prisms (1-5 g.), m. p. 167° (Found: C, 61-9; H, 5-75; N, 19-1. C,H 9N,,HNO, 
requires C, 62-1; H, 5-75; N, 19-05%). 

The nitrate (0-4 g.) was hydrogenated in ethanol at atmospheric pressure over Raney 
nickel. The product (0-3 g.) had m. p. 192° undepressed on admixture with the parent 
pyrimidine. 

Attempted Cyclisation of 4,6-Diamino-2-methylthio-5-p-ribosylaminopyrimidine.—(i) With 
sodium dithioformate. A solution of the ribosylamine (0-4 g.) in a buffer at pH 7-5 (50 c.c.) was 
treated with sodium dithioformate (0-2 g.) in small portions with shaking and then set aside 
at 0°. Pale yellow crystals separated (0-18 g.; m. p. 231°). After recrystallisation from 
water they had m. p. 233° alone or mixed with 4,6-diamino-2-methylthio-5-thioformamido- 
pyrimidine * of m. p. 234° (Found: S, 29-0. Calc. for C,H,N,S,: S, 29-8%). The corre- 
sponding xylosylamine did not react with this reagent in ethanol in 5 hr., and was recovered 
unchanged. 

(ii) With carbon disulphide. Carbon disulphide (2-0 c.c.) was added to a solution of the 
ribosylamine (1-0 g.) in warm pyridine (25 c.c.) and warmed on a steam-bath during lhr. The 
excess of carbon disulphide was then distilled off and the residual solution heated under reflux 
at 115° during 4 hr. and then evaporated to dryness in vacuo at 60°. The solid residue 
recrystallised from ethanol and was 8-mercapto-2-methylthioadenine (0-3 g.), m. p. >310° (Found: 
C, 34-0; H, 3-0; S, 30-6. C,H,N,S, requires C, 33-8; H, 3-3; S, 30-1%). 

(iii) With diethoxymethyl acetate. The ribosylamine (3 g.) was stirred in diethoxymethyl 
acetate 1 (12 c.c.) at room temperature until complete dissolution was effected and then set 
aside. After 5 hr., ethanol (30 c.c.) was added followed by light petroleum (50 c.c.) to precipit- 
ate ared gum. This was dissolved in hot ethanol (100 c.c.) and cooled to 0°. After 2 days, a 
precipitate was removed and recrystallised from ethanol. Acetuxymethylideneamino-4,6- 
diamino-2-methylthiopyrimidine (X) (500 mg.) had m. p. 259°, solidifying and remelting at 290° 
(Found: C, 40-3; H, 4:4. C,H,,O,N,S requires C, 39-8; H, 46%). On fusion at 270°, a 
sample (100 mg.) cyclised, with evolution of acetic acid (smell), to 2-methylthioadenine * which 
crystallised (m. p. 290°) from ethanol (Found: C, 39-3; H, 3-7; S, 17-8. Calc. for C,H,N;,S: 
C, 39-8; H, 3-9; S, 17-:7%). 

(iv) With ethyl orthoformate. The ribosylamine (0-45 g.) and ethyl orthoformate (1 c.c.) in 
glacial acetic acid (20 c.c.) were heated on a steam-bath during 7 hr., then evaporated in vacuo 
at 70°. The residue was obtained from ethanol as an orange powder, m. p. ca. 290° (decomp.) 
(Found: C, 41-1; H, 5-0; loss at 110°, 1-45. C, 9H,,0,N,S,}H,O requires C, 41-1; H, 4°85; 
H,O, 3-1%), Amax, 210, 273, and 363 my (log ¢ 4:31, 4-07, and 3-61) in EtOH, and was probably 
4-amino-2-methylthio-7-(1,2,3-trihydroxypropyl) pleridine hemihydrate. 

(v) Acetylation and thioformylation. The dry riboside (1-9 g.) was shaken in dry pyridine 
(30 c.c.) and acetic anhydride (8 c.c.) during 12 hr. at room temperature, then poured into 
ethanol (30 c.c.). After 1 hr. the solvents were evaporated in vacuo, leaving a pale yellow gum, 
which was extracted with chloroform. The extracts were dissolved in ethanol (30 c.c.), sodium 
dithioformate (2-0 g.) was added, and after 1 hr. the solution was diluted with water (30 c.c.) 
and set aside at 0°. The yellow precipitate was collected and recrystallised from water as 
needles (0-52 g.), m. p. 230°; mixed with a sample of 4,6-diamino-2-methylthio-5-thio- 
formamidopyrimidine (above) it had m. p. 231°. 

4-Amino-2-methylthiopteridine.—A solution of glyoxal sodium bisulphite (2 g.) and 4,5,6- 
triamino-2-methylthiopyrimidine (2-8 g.) in N-sulphuric acid (40 c.c.) was heated under reflux 
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during 1 hr., basified with ammonia solution, filtered (charcoal), and cooled. The brown 
pteridine was collected and recrystallised from water as pale yellow needles (1 g.), m. p. 208° 
(Found: C, 43-1; H, 3-5; N, 36-1. C,H,N,S requires C, 43-5; H, 3-6; N, 363%), Amax. 206, 
245, 275, and 356 my. (log ¢ 4-11, 4-05, 4-28, and 3-81) in EtOH. 

4,6-Diamino-2-methylthio-5-(2,3,5-tri-O-benzoyl-p-ribofuranosylamino) pyrimidine (XII1).—A 
solution of 2,3,5-tri-O-benzoyl-p-ribofuranose (3 g.; prepared from the 1-O-acetyl compound ! 
by an adaptation of the method of Ness e¢ al.**) and 4,5,6-triamino-2-methylthiopyrimidine 
(1-3 g.) in absolute ethanol (50 c.c.) was shaken at room temperature during 14 hr., heated at 
50° during 1 hr., and evaporated to dryness in vacuo at room temperature. The residue was 
extracted with hot chloroform (2 x 100 c.c.), and the extracts were washed successively with 
dilute hydrochloric acid, sodium hydrogen carbonate solution, and water, and dried (Na,SO,). 
The solid obtained on evaporation of the chloroform did not crystallise but was repeatedly 
chromatographed on acid-washed alumina in benzene-chloroform (3:1). The ribosylamine 
(2:1 g.) was precipitated from benzene with light petroleum as an amorphous white powder, 
faj,** 0° + 1° (c 1-3 in CHCI,) (Found: C, 64-0; H, 5-2. C,,H,,0,N;S,C,H, requires C, 64-0; 
H, 5-1), Amax, 227 and 274 my (log ¢ 4-67 and 4-26) in EtOH. 

This ribosylamine (0-3 g.) was hydrolysed as described previously for the tetrabenzoyl- 
ribosylaminopyrimidine. 2,3,5-Tri-O-benzoylribofuranose was obtained from pyridine—water 
as needles, and recrystallised from ethanol (85 mg.; m. p. and mixed m. p. 102—103°). 
The dilute acid washings of the chloroform extract of the hydrolysate were neutralised, 
evaporated, and extracted with hot ethanol. Addition of 5% aqueous picric acid (1 c.c.) gave 
4,5,6-triamino-2-methylthiopyrimidine picrate (40 mg.), which recrystallised from water as 
prisms, m. p. and mixed m. p. 209°. 

Attempted Cyclisations of 4,6-Diamino-2-methylthio-5-tri-O-benzoyl-v-ribofuranosylamino- 
pyrimidine.—(i) With formamide and formic acid. The tribenzoylribosylamine (600 mg.) in dry 
formamide (20 c.c.) was heated in a sealed tube with formic acid (0-15 c.c.) at 165° during 2 hr. 
Methanethiol was formed. The solution was filtered to remove some charred material and 
evaporated in vacuo at 80°. The residue was extracted with cold water (extract A) and then 
with hot water (extract B). The water-insoluble material did not give any characterisable 
product after chromatography in chloroform on acid-washed alumina. Extract B, on cooling, 
gave a crystalline precipitate (40 mg.) of 2-methylthioadenine, m. p. and mixed m. p. 289°, 
Amax. 233 and 275 my (log ¢ 4:32 and 4-04) in water. Extract A gave a chloroform-soluble 
extract which was chromatographed on alumina. No fraction collected had light absorption 
maxima in the range 260—300 muy, nor did one give a positive Molisch test. Extract A, after 
extraction with chloroform, did not give a precipitate with aqueous picric acid. : 

(ii) With ethyl orthoformate and acetic anhydride. The tribenzoylribosylamine (500 mg.) was 
refluxed in ethyl orthoformate (7 c.c.) and acetic anhydride (4-5 c.c.) during 1 hr. and the 
resulting red solution cooled and evaporated to dryness im vacuo. The residual gum was 
dissolved in 4: 1 benzene—chloroform (20 c.c.), and chromatographed on acid-washed alumina 
(51 x 2-6 cm.). A crystalline product was obtained by elution with 4: 1 benzene—chloroform 
(70 c.c.) and recrystallised from methanol as plates (15 mg.), m. p. 127—-128° (corr.) undepressed 
on admixture with 1-O-acetyl-2,3,5-tri-O-benzoyl-p-ribofuranose. No other fractions from 
the chromatogram were identified. 


We are very grateful to Professor Sir Alexander Todd, F.R.S., who supplied us with certain 
intermediates and to Parke Davis and Company, Ltd., for a Maintenance Grant (to G. M. B.). 


DEPARTMENT OF CHEMISTRY, 
THE UNIVERSITY, NOTTINGHAM. [Received, March 31st, 1960.) 


*8 Ness, Diehl, and Fletcher, J. Amer. Chem. Soc., 1954, 76, 763. 
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847. Some Substituted Sulphanilides. 
By E. W. PARNELL. 


Some 3,3’- and 4,4’-substituted sulphanilides (I) are described. The com- 
pounds had no significant activity against a range of bacteria, protozoa, and 
helminths. 


SULPHANILIDE was first synthesised by Traube! from phenylsulphamyl chloride and 
aniline. An obvious preparative method, the reaction between sulphuryl chloride and 
aromatic amines, was investigated earlier by Wenghoffer 2 and Behrend,’ who obtained 
only oxidation and chlorination products. Subsequently, Wohl and Koch * showed that 
the reaction between an excess of aniline in ether and sulphuryl chloride gave a good yield 
of sulphanilide and a small amount of azobenzene; with some substituted anilines only 
complex oxidations occurred. Sulphanilide has also been prepared by several other 
workers.® 

Some substituted sulphanilides were needed for chemotherapeutic investigation. The 
direct reaction of the appropriately substituted aniline with sulphuryl chloride appeared 
to be the most convenient method of preparation, but in view of the earlier results,3:4 
modifications of the conditions seemed necessary. I find that a good yield of the required 
sulphanilide could usually be obtained if the reaction was carried out at 0° in dry pyridine. 


RCeHgNRSOgNR°CgHyR’ = NH4°C(2NH)*CgHy*NH*SO,"NH*C,HyC(ZNH)*NH, 
(1) (It) 


NHy*CgHyC(7NH)*NH*SO,*NH*C()NH)*CgH NH, 
(II) 


When this method gave a poor yield, as for example with /-chloroaniline, the use of one 
mole of pyridine in chloroform at a low temperature gave a much improved yield. The 
sulphanilides so prepared were often unstable towards hydroxylic solvents. They were 
best obtained pure by precipitation from solution in dilute alkali with acetic acid. 4,4’- 
Dinitro-, 3,3’-dinitro-, 4,4’-dicyano-, and 3,3’-dicyano-sulphanilide readily gave NN’- 
dimethyl derivatives which were stable, crystalline solids. 

The dicyano-compounds were converted into the stable diamidines by Pinner’s method. 
The diamidine (II), prepared from 4,4’-dicyanosulphanilide, was insoluble in aqueous 
sodium hydroxide and could not be diazotised. When its preparation was attempted 
from f-aminobenzamidine monohydrochloride and sulphuryl chloride, the product had 
the correct analysis, but it was soluble in dilute alkali and after diazotisation it coupled 
with alkaline 8-naphthol. This evidence and the fact that amidines are known to be 
acylated in the presence of bases and to undergo the closely related reaction with carbonyl 
chloride ® led to the formulation of this substance as (III). 

Attempted reduction of 4,4’-dinitrosulphanilide with iron and acetic acid led to fission 
of the molecule and formation of #-phenylenediamine. The required 4,4’-diamino- 
sulphanilide was obtained by catalytic reduction of the dinitro-compound. 

When 4,4’-dinitrosulphanilide was treated with acetic anhydride in pyridine at room 
temperature, fission again occurred and only #-nitroacetanilide was isolated. 


1 Traube, Ber., 1891, 24, 362. 

2 Wenghoffer, Ber., 1876, 10, 441. 

3 Behrend, Annalen, 1884, 222, 116. 

4 Wohl and Koch, Ber., 1910, 48, 3295. 

5 Battegay, French Patent, 735,765; Battegay and Maybeck, Compt. rend., 1932, 194, 186; 
Maybeck, Ann. Chim., 1932, 17, 129; Paquin, Angew. Chem., 1948, A, 60, 316. 

® Shriner and Neumann, Chem. Rev., 1944, 35, 390. 
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EXPERIMENTAL 


4,4’-Dinitrosulphanilide. Method A.—Sulphuryl chloride (40 ml.) was added dropwise 
during 1 hr. to a vigorously stirred solution of p-nitroaniline (100 g.) in dry pyridine (300 ml.) 
maintained at —5° to 0°. After being kept at room temperature overnight the solution was 
added gradually to rapidly stirred, concentrated hydrochloric acid (300 ml.) and water (1,500 ml.). 
The gum was filtered off and extracted with cold N-sodium hydroxide (500 ml.). The alkaline 
extract was added to 2n-acetic acid (300 ml.) in water (700 ml.); the product, a granular solid, 
was purified similarly to give 4,4’-dinitrosulphanilide (69 g., 56%), m. p. 195—197° (decomp.). 


TABLE 1. Sulphanilides R°CgHyNH*SO,NH-C,HyR. 





Yield Cryst. Found (%) Required (%) 

R (%) solvent M. p. Formula Cc H N Ss Cc H N Ss 
4NO,*... 56 —* 195—197°°f C,,H,gN,O,S 42-4 2-8 1665 92 426 30 166 94 
3-NO,*... 63 —e 205 / Cyp.HygN,O,S 42:1 30 1655 92 426 30 166 9-4 
4CN¢... 66 —* 168—170/ C,,H,)N,O,S 56-35 3-6 18:7 10-6 56:4 3:35 18-8 10-7 
3-CN*... 95 MeNO, 165—170°S C,,H,gN,O,S 559 36 189 10-4 56-4 3:35 18-8 10-7 
4-MeSO,* 83 —* 232—234! C,,H,.N,O,S, 419 39 67 23-2 41-6 4-0 7-0 23-7 
4Cl® ... 68 Petrol? 120—121 CygHypCl,N,O,S’ 45-6 3:4 88 10-4 45:4 3-2 8-8 10-1 
Cle ... 34 EtOH- 156—158/ C,,H,,CI,N,O,S*45-5 3:2 88 10:5 45:4 3-2 88 10-1 

H,O 


« Compound prepared by method A. * Compound prepared by method B. °¢ The product was 
ge by precipitation from alkali with acetic ane. 4 Light petroleum (b. p. 100—120°). *¢ The 

p. varies greatly with the rate of heating. Fai § Found: Cl, 22-2. Required: Cl, 
29-49%). * Found: Cl, 22-4. Required: Cl, 22-4% 


TABLE 2. NN’-Dimethylsulphanilides R°CgHy*NMe’SO,°NMe’C, Hy R. 


Yield Cryst. Found (%) Required (%) 

R (%) solvent M. p. Formula Cc H N S Cc H N S 
4NO,... 64 A 142—143°  C,,H,,N,O,S 453 3:9 15-4 9-0 45-9 3:8 153 87 
3NO,... 85 A 103—104 C,,HyN,O,S 45:7 39 15-4 87 459 38 15:3 87 
a ey A 151—153 CisHyN,O,S 58:9 44 17:2 9-7 58:9 43 17:2 98 
3CN ... 175 B 142—143 CyHyN,O,S 585 43 17:0 10:1 58:9 43 17:2 9-8 


A = 2-Ethoxyethanol. B = Ethanol. 


TABLE 3. Amidine salts NH,*C(!NH)*C,HyNR-SO,"NR-C,H,-C(:NH)NH,,2HX 


Position of Solvent used 
amidine to prepare Yield Cryst. 

No. groups R X imido-ester (%) solvent M. p. 

l 4 H Cl A —«4 D 284—286°* 
2 4 Me MeSO, ¢ B 73 E 289—290* 
3 3 H Cl Cc 63 F 158 

4 3 Me Cl Cc 63 G 275° 

Found (%) Required (%) 

No. Formula Cc H N Cl S Cc H N Cl S 

l C,,4Hy,.N,O,S,2HCI 42-1 415 20-5 17-6 79 415 44 208 175 7-9 
2 C,,HaN, *O ‘Ss, 2CH,0,S_ ... 39:4 5:5 14-9 _ 17-4 39:1 51 15-2 — 17-4 
3 CigHygNg O, S, HCl, 2H 20... 37:9 5-4 19-1 16-1 69 38:1 50 191 16-1 73 
4 Cc AH, oN,O, i: 44:4 5-7 19-0 17-3 73 #440 561 192 17-1 7-4 


A = 2-Ethoxyethanol alone. B= EtOH (2 mol.)-CHCl, C= EtOH. D = 2n-HCl E= 
COMe,-H,O. F = 3n-HCl. G = MeOH-COMe,. 

* Compound was very difficult to obtain pure and the yield was poor. ° (Decomp.). °* The 
methanesulphonate was prepared in methanol from the base isolated by addition of 50% aqueous 
sodium hydroxide to an aqueous solution of the dihydrochloride. 


4,4’-Dichlorosulphanilide. Method B.—Sulphuryl] chloride (31-8 ml.) was added dropwise 
during 1} hr. to a stirred, fine suspension of p-chloroaniline (100 g.) in dry chloroform (500 ml.) 
containing dry pyridine (63-6 ml.) at —20° to —30°. The black solution was kept at room 
temperature overnight and then poured into 2N-acetic acid (1200 ml.). Extraction of the 
chloroform layer with N-sodium hydroxide (3 x 200 ml.) and acidification of the combined 
alkaline extracts with dilute acetic acid gave a gum which soon crystallised. The crude 
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sulphanilide (84 g., 68%) had m. p. 118—121°. The disubstituted sulphanilides in Table } 
were prepared similarly. 

N,N’-Dimethyl-4,4’-dinitrosulphanilide.—4,4’-Dinitrosulphanilide (25 g.), dissolved in 2n-. 
sodium hydroxide (100 ml.), was treated with one portion of methyl sulphate (17-0 ml.). After 
4 hr. 2n-sodium hydroxide (19 ml.) and methyl sulphate (5 ml.) were added and after a further 
} hr. this addition was repeated. After being stirred for another } hr. the crude product 
(21-0 g., 78%), m. p. 138—140°, was crystallised from 2-ethoxyethanol; it formed prisms, 
m. p. 142—143°. The compounds in Table 2 were prepared similarly. 

Amidinosulphanilides.—The imido-ester hydrochlorides were prepared from the finely 
powdered dinitrile suspended or dissolved in the solvent indicated in Table 3. The correspond- 
ing diamidines, prepared by the standard method, are described in the same Table. 

Reduction of 4,4’-Dinitrosulphanilide with Iron in Acetic Acid.—Iron powder (1-0 g.) was 
added portionwise during 5 min. to a boiling solution of 4,4’-dinitrosulphanilide (1-0 g.) in 
acetic acid (5-0 ml.) and water (1-0 ml.). The mixture was diluted with water (5-0 ml.), boiled 
again, and then filtered. Methanesulphonic acid (5-0 ml.) was added to the filtrate. The salt 
(0-7 g.) which crystallised on cooling was dissolved in water, and the solution basified with 
50% aqueous sodium hydroxide. The base had m. p. 139—142°, undepressed on admixture 
with p-phenylenediamine. 

4,4’-Diaminosulphanilide.—4,4’-Dinitrosulphanilide (50 g.) suspended in warm ethanol 
(500 ml.) with Adams catalyst (5-0 g.) was reduced with hydrogen at atmospheric pressure. 
The theoretical uptake of hydrogen occurred in 0-75 hr. The cooled mixture was filtered and 
the solid extracted with N-hydrochloric acid (ca. 200 ml.). The mixture was filtered and the 
filtrate treated with sodium hydrogen carbonate to precipitate the pure base (28-5 g., 69%), 
m. p. 175° (decomp.) (Found: N, 19-9; S, 11-35. C,,H,,N,O,S requires N, 20-2; S, 11-5%). 
The bis-toluene-p-sulphonate crystallised from ethanol-ether as minute needles, m. p. 212° 
(decomp.) (Found: C, 50-7; H, 5-0; N, 875; S, 15-2. C,,H,,N,0,S,2C,H,O,S requires 
C, 50-2; H, 4-8; N, 9-0; S, 15-4%). 

Reaction of p-Aminobenzamidine with Sulphuryl Chloride.—Sulphury1 chloride (1-6 ml.) was 
added dropwise to a stirred suspension of p-aminobernzamidine monohydrochloride (5 g.) in 
dry pyridine (15 ml.) at 3—5° during 0-3 hr. The gummy mixture was kept overnight then 
poured into water. The solution was basified (aqueous ammonia) and concentrated in vacuo, 
The residue solidified when triturated with water, giving a solid (1-3 g.), m. p. 215° (decomp), 
This base was dissolved in warm methanolic methanesulphonic acid, the solution filtered 
(charcoal), and ether added to the filtrate which on cooling deposited the crystalline salt (0-7 g.), 
m. p. 225° (decomp.) (Found: C, 36-8; H, 4:4; N, 15-4; S, 17-9. C,H. N,O,S;,2CH,0,S 
requires C, 36-7; H, 4-6; N, 16-0; S, 18-3%). The base, regenerated from the salt, was soluble 
in 2N-sodium hydroxide. 

Reaction of 4,4’-Dinitrosulphanilide with Acetic Anhydride.—4,4’-Dinitrosulphanilide (10 g.) 
in dry pyridine (30 ml.) at 0—5° was treated with acetic anhydride (6-2 ml.). The mixture was 
stirred overnight, then poured into 2N-hydrochloric acid. The resultant solid crystallised from 
ethyl acetate in needles (3-8 g.), m. p. 214—215°. It did not depress the m. p. of authentic 
p-nitroacetanilide. 


The author thanks Dr. N. J. Ashley for his interest and helpful discussions, and Mr. §. 
Bance for the analyses. 


Tue Researcn LABORATORIES, May & BAKER LTD., 
DAGENHAM, Essex. [Received, April 4th, 1960.) 
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848. T'he Infrared Spectra of Cobalt(u1) Ethylenediamine Complexes. 
Part I. Vibrations of the Ethylenediamine Chelate Ring. 


By M. E. BaLpwin. 


The infrared absorption spectra of some ethylenediamine complexes of 
tervalent cobalt have been measured in the region 500—4000 cm.*!. Assign- 
ment of the bands arising from vibrations of the amino-group has been 
made by observing the shifts resulting on deuteration. A study of the region 
850—900 cm.* provides a means for differentiation of cis- and trans-isomers 
of bisethylenediamine complexes. 


In the solid state the vibrational modes of metal-chelate rings are affected by (i) the 
orientation of the chelate molecules around the metal atom, (ii) the spatial configurations 
of the individual chelate molecules, and the non-bonded interactions between them, and 
(iii) ionic interaction or hydrogen bonding between the anion and the cation in a salt. 

The present work was undertaken in order to discover whether infrared spectra could 
be used to distinguish between cis- and trans-arrangements of the chelate rings about 
cobalt, and the extent to which non-bonded and ionic interactions could be detected. 
A large number of ethylenediamine complexes of tervalent cobalt has been studied in 
paraffin mulls in the solid state. The measured frequencies of the absorption bands of 
compounds of the types cis- and trans-[Co(en),Cl,]X and [Co(en),]X, are given in Tables 
1, 2, and 3. 


TABLE 1. Frequencies (cm.*) of compounds of the type cis-[Co(en),Cl,|X, 
where X = Cl, Br, I, SCN, ClO,, $S,0g. 


Cl Br I SCN clo, $,0, Cl Br I SCN ClO, $,0, 
3460sh 3472m 1163m 1160w 1164m 1143s 
3425s 3425s 1134s 1133s 1136w 
1117s 1115s 1117s 
$274sh 3266m 3257m 3268m 3300m llllsh llllsh I1llIs 1109s 
3266m 3266sh 1098m 1086m 1099sh 1096s 
3195s 3195s 3215s 3195s 3279s 1064sh 1064sh 1050vs 
$165sh 3165sh 3215sh 1058s 1058vs 1058vs 1018sh 
3096m 3096m 3125m 3115m 3125m 1010sh 1018sh 
1005m 1005m_ 1005s 
2058s 999sh 990sh 999sh 998m 
938w 
1634s 1626s 1658s 1600vs 930w 
1587sh 1582sh 1563sh 1585sh 1587sh 900m 896m 8s9ls 893w 894m 899m 
1565s 1565sh 1558s 1558m 1570vs 1572vs 876m 87lm 876m 879m 877m 893sh 
1541sh 1560s 1538sh 1538sh 1560sh 863m 876m 
1546sh 788s 775s 780vs 80lm 782sh 1775s 
770s 761s 759s 746s 769vs 754w 
1305m 1318m 1312m 1316sh 733m 74lw 757s 
1302m 714m 722m_ 719s 
1299sh 1297sh 1290w 704m 699w 690m 690w 695w 
12856m 1284m 1274sh 1274m 620vs 692m 
1272sh 127lsh 1267m 549s 570sd 585sd 578s 585s 570vs 
1212s 1208m 1192m 1190w 443s 565sd 565s 571s 
1200s 1193m 1188m 565s 
1176m 1163s ~ 556s 


* For key to intensities, see footnote to Table 3. 


Assignment of the Absorption Bands of the Ethylenediamine Cobalt Ring System.—(a) 
Vibrations of the NH, group. The principal modes of vibration of the NH, group are 
symmetrical stretching, asymmetrical stretching, bending, wagging, twisting, and rocking. 
An assignment of the bands arising from these vibrations has been made by observing 
the shifts resulting on the deuteration of the following complex ions: ([Co(en),]Cl,, 
(Co(en),](SCN),, trans-[Co(en),Cl,|Cl, and trans-[Co(en),Cl,|SCN (cf. Tables 4 and 5). 
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Bands in the regions 3000—3300, 1550—1580, 1160—1120, 1015—995, and 800—749 
cm.~! showed isotope shifts and may be assigned to the vibrations of the NH, group, 





TABLE 2. Frequencies (cm. ) of compounds of the type trans-[Co(en),Cl,|X, 





a 
where X = Cl, Br, I, SCN, NCO, ClO,, $5,0,, NOg. - 
Cl Br I SCN NCO clo, S20. NO, 3 
3505w 
3425sh 1 
3274m 3268sh 3247vs 3247m 3328m 3289s 3311m 3279sh 1 
3250s 3247s 3195sh 3226s 3226s 3263s 3257sh 3257s 
3165m 3167s 3170s 3190m 3185w 3221s 3226s 3226sh 
3125sh 3120sh 3115sh 3120m 3115w 3185w 3145s 3175s 
3077s 3086s 3096s 311l5w 
2046vs 2137vs 
1591s 1592s 1587s 1585vs 1592s 1587s 1590sh 1603vs 
1582sh 1582sh 1572sh 1567vs 
1309m 1314s 1312m 1312s 1314m 
1290w 1289w 1285w 1279s 1302sh c 
1271s 1271s 1269m 1285m N 
1206s 1206sh 1206m 1200w 1196m : 
1203s 1190sh 1156w 3 
1147w 3 
1120vs 111l4vs 1110vs 1110vs llllvs 
1100vs 110lvs 1104vs l 
1053vs 1053vs 1053vs 1050vs 1053vs 
1004vs 1006vs 1003s 1008s 10llw 
994vs 997Vvs 994s 993s 998m 
934m 
927m Teg 
888m 889m 888m 892s 898m 888m 887m 888s 22 
889sh 88lsh 824s 
808s 806s 800s 789m 820m 789m 778vs 810vs 
754m 723m 719m 754s 769vw 143w 7135w 727s det 
706m 623vs 720w 704w dic 
6l6vs 620vs 
587vs 586vs 585s 588vs 592vs 585s 588sd 588vs t 
0 
TABLE 3. Frequencies (cm.) of compounds of the type [Co(en)3|Xz, res 
where X = Cl, Br, I, SCN, ClO,. 

Cl Br I SCN clo, Cl Br I SCN clo, ind 
3484m 3503m 3509w 1159vs 1155vs 1152vs 1152vs cry 
3425m 3413m 3436w 1125s 1121s 1117sh 1129sh dia 
3215m 3205m 3175md 3215sd 3284m 1114sh llllsh 1109s 
3165sh 3175sh 3106md 3177sh 3205s 1058vs 1057vs 1059vs 1054s cok 
3086m 3089m 3077sd 3165sh 1052vs 1037sh rea 

2066vs 3086s 1005w 1018w 1020w 1005w anc 
2033vs 1004w 998w 945w 2 
1618m 1613m 1616m 1600sh 1616m 895m 895m 888m 886m 892m at 
1600sh 1582s 1580s 1582s 1582sh 879m 882m 877sh 876m 881m 
1585s 1563sh 1538sh 1560sh 1558s 868m th 
1553s 1511s 1538sh 781s 783vs 793m 813sh 803sh € 
1326s 1323s 1318s 1321w 775s 800s 788s par 
1302w 1300w 1295s 1302w 785sh 769sh five 
1277m 1276m 1267w 1284m 7l4w 74lw 735s 757s 752w 
1252m 1250m 1239w 1247w 707w 704w 719sh 745s ban 
1217vw 1217w 1205m 1205w 617w 576s 547s 597sd CH 
1163vs 1163vs 575sd 582sd 560sd 520s strc 
* s = strong, m = medium, w = weak, sh = shoulder, v = very, d = diffuse. vib: 
In metal—amine complexes the four principal regions of absorption are ~3300, ~1600, ‘ 
~1300, and ~800 cm.". These have been assigned to the NH stretching mode,! the mnt 
asymmetric deformation,? the symmetric deformation,? and the NH, rocking mode** 
respectively. 
1 Chatt, Duncanson, and Venanzi, J., 1955, 4461. and 


® Mizushima, Nakagawa, and Quagliano, J. Chem. Phys., 1955, 28, 136. 
% Barrow, Kreuger, and Basolo, J. Nucl. Inorg. Chem., 1956, 2, 2340; Sheppard and Powell, J., 1956, 0 
4495, 3108. . Jua 
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TABLE 4. Frequencies (cm.*) of the NH, and ND, vibrations in 
undeuterated and deuterated |Co(en)s| Xz. 











X = Cl X = SCN X = Cl X = SCN 
oe =— on <9F SE ep. Qasr mae reperen Aa 
N-H N-D N-H/N-D N-H N-D N-H/N-D N-H N-D N-H/N-D N-H N-D N-H/N- 
$215 2396 1-34 3175 2381 1-36 1159 962 1-21 1152 961 1-20 
3086 2288 1-35 3077 2252 1-37 1125 947 1-19 1129 934 1-21 
1585 1181 1-34 1582 1166 1-36 1005 866 1-16 1015 
1555 «1152 1-35 1538 1005 840 1-19 

781 660 1-19 800 666 1-19 
TABLE 5. Frequencies (cm.*) of the NH, and ND, vibrations in 
undeuterated and deuterated trans-(Co(en),Cl,]X. 

X = Cl X = SCN X = Cl X = SCN 
N-H N-D N-H/N-D N-H N-D N-H/N-D N-H N-D N-H/N-D N-H N-D N-H/N-D 
$250 2439 1-33 3247 2445 1-33 1120 961 1-17 1110 950 1-18 
3165 2410 1-31 3190 2375 1-34 1110 §=935 1-18 


3077 2273 1-35 3120 2309 1-35 
1004 847 1-19 1008 855 1-18 
1591 1176 1-35 1585 1176 1-35 994 812 1-22 993 821 1-21 
798 671 1-19 


In the ethylenediamine complexes measured, the main bands in the NH stretching 
region occur between 3300 and 3077 cm.! The bands shift on deuteration to 2400— 
2200 cm.*. 

The bands at about 1600 cm.+ may be assigned to the NH, bending vibration; on 
deuteration shifts occur to the region 1180—1150 cm.", in good agreement with the pre- 
dictions of Mizushima et al.2 for ammine complexes. 

The remaining three sets of bands show smaller isotope shifts and can be assigned 
to vibrations of the NH, group as a unit, viz., wagging, twisting, and rocking modes 
respectively. 

(b) Other vibrations of the ethylenediamine-chelate ring. Quagliano and Mizushima 4 
indicated that the cobalt-ethylenediamine ring is in the gauche-configuration. The X-ray 
crystallographic data on the compounds ¢rans-[Co(en),Cl,]Cl,HC1,2H,O 5 and trisethylene- 
diaminecobalt chloride * support this conclusion. Since the infrared spectra of all the 
cobalt-ethylenediamine complexes measured show the same general band type, it seems 
reasonable to assume that all these chelate rings have the gauche-configuration. Sheppard 
and Powell? suggested that this general band structure is typical of the gauche-configur- 
ation of all metal-ethylenediamine rings. 

The bands which are unaffected by deuteration and may be assigned to vibrations of 
the CH, group, appear in the regions ~1460, ~1300, ~1050, and ~900 cm.*. By com- 
parison with the assignments by Mizushima, Quagliano, and their co-workers § for similar 
five-membered rings of the gauche-type, tentative assignments can be made for these 
bands. Those in the 1460, 1300, and 900 cm.* regions may be assigned to the CH, bend, 
CH, wag, and the CH, rock respectively. The band at 1050 cm. (which is sharp and 
strong and appears in all the complexes measured) could be the result of the stretching 
vibration of either the C-N or the C-C bond. 

Differences in the Spectra of cis- and trans-Ethylenediamine Complexes.—The differences 
in the spectra of the cis- and tvans-complexes of the type [Co(en),Cl,]X in the 1600 cm. 


* Quagliano and Mizushima, J. Amer. Chem. Soc., 1953, 75, 6084. 

5 Nakahara, Saito, and Kuroya, Bull. Chem. Soc. Japan, 1956, 29, 428. 

* Nakatsu, Shiro, Saito, and Kuroya, Bull. Chem. Soc. Japan, 1957, 30, 158; Saito, Nakatsu, Shiro, 
and Kuroya, Acta Cryst., 1955, 25, 731. 

? Sheppard and Powell, J., 1959, 791. 

* Mizushima, Nakagawa, Ichishima, and Quagliano, J]. Phys. Chem., 1955, 59, 293; Lane, Sen, and 
Quagliano, J. Chem. Phys., 1954, 22, 1955. 
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region are in general agreement with those found by Merritt and Wiberly.® In the érans- 
bisethylenediamine complexes single sharp bands occur in the range 1605—1575 cm.1, 
whereas in the cis- and trisethylenediamine complexes the band structures are more 
complex and occur over the wider range 1634—1527 cm.*. Merritt and Wiberly also 
reported differences between the spectra in the region of the NH, rocking frequencies. 
However, hydrogen bonding of the type N-H - - - X has been found to raise these 
frequencies in metal ammines,” and the present work has shown that in a series of com- 
pounds of the type [Co(en),AB)X, the positions and shapes of the bands in this region 
depend, not only on the geometrical configuration, but also on the nature of the groups 
A, B, and X. 

In this region the tvans-bisethylenediamine complexes show two sharp bands in the 
ranges 820—780 cm.*. More complex band structures are found in the cis- and tris- 
complex ions. In general, salts of anions which are able to form hydrogen bonds show 

Fic. 2. Infrared absorption spectra from 8 to 10y o 
(A) cis-[Co(en)Cl,}Cl, (B) cis-[Co(en),Cl,]SCN, (C) 
trans-[Co(en),Cl,)Cl, (D) trans-[Co(en),Cl,]SCN, 

(E) (Co(en),)Cly, (F) [Co(en),](SCN),. 
Fic. 1. Infrared absorption spectra from 10 to 18 of 
(A) cis-[Co(en),Cl,|C1O,, (B) trans-[Co(en),Cl,|ClO,, 
(C) cis-[(Co(en),Cl,)Cl, (D) trans-[Co(en),Cl,}Cl. 8 
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higher frequencies and simpler spectra in this region. The spectra of cis- and trans- 
[Co(en),Cl,}Cl and [Co(en),Cl,)ClO, are shown in Fig. 1. 

There are other indications of hydrogen bonding in both the NH stretching and the 
NH bending regions. In the stretching region the main peaks for cis- and trans-bisethylene- 
diamine complexes fall between 3289 and 3077 cm.", and the highest frequencies occur 
with the salts of less deformable anions, ¢.g., perchlorate and dithionate, the lowest being 
for chloride and bromide. The occurrence of three main bands in some complexes can 
be attributed to the simultaneous vibrations of hydrogen-bonded and free NH groups.” 

Chamberlain and Bailar ® suggested that the region 1120—1150 cm. can be used 
to distinguish cis- and trans-bisethylenediamine isomers. Apart from the obvious dis- 
advantage that this region cannot be used when complexes contain co-ordinated or ionic 
oxy-anions, the band structures have been found to depend on the anion. In the halide 

® Merritt and Wiberley, J. Phys. Chem., 1955, 59, 55. 

10 Hill and Rosenberg, J. Chem. Phys., 1954, 22, 148; Fujita, Nakamoto, and Koboyashi, J. Amer. 
Chem. Soc., 1956, 78, 3295. 


11 Bellamy, ‘‘ The Infra-red Spectra of Complex Molecules,’”’ Methuen, London, 1958, p. 253. 
12 Chamberlain and Bailar, J]. Amer. Chem. Soc., 1959, 81, 6412. 
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jon complexes the ¢rans-compounds show two sharp peaks in the ranges 1120—1110 and 
1104—1100 cm.*. The cyanate and thiocyanate, however, show only one band at 1110 
cm.. The cts-complexes containing halide ions show a group of four bands in this region 
while the thiocyanates show only two. Trisethylenediamine complexes with halide ions 
have two distinct bands, at 1163—1150 and 1125—1109 cm.+, while the thiocyanate 
shows one sharp band, at 1152 cm., and a shoulder at 1129 cm. (see Fig. 2). Until 
the effects of hydrogen bonding and ionic interactions on the NH vibrations are elucidated, 
they can be of little use in distinguishing between the isomers. 

The most consistent variations between the spectra of cis- and trans-isomers have 
been found in the CH, rocking region, i.e., 870—900 cm.. Here complexes with a cis- 
configuration show two bands, while those with a ¢vans-structure show one. The positions 
of the bands in compounds of the type [Co(en),AB]X are not dependent on any of the 
groups A, B, and X, although some splitting may occur in salts of large anions. A large 
number of salts has been studied in this region, and some of the results are given in Table 6. 
This region, therefore provides a convenient method for distinguishing between the cis- 


TABLE 6. Frequencies (cm.) of absorption bands in the region 
870—900 cm. of compounds of the type (Co(en),AB)X. 








A B xX cis trans 

. cl OH cl 892 874 893 

Cl NCS SCN — an 885 

Cl NCS SaH, vm — 889 

NCS NCS cl 301 379 880 

NCS NCS NO, 892 883 895 
t N, N, C10, 892 877 897 
. NH, NO, S,0, 899 881 887 894sh 
‘ NH, NH, clo, ate im 895 892sh 
‘ NH, OH, NO, tia aut 888 
. NH, Cl C10, Be, oe 888 

NCS OH SCN - aye 887 895sh 
‘ NO, Br NO, ae - 892 

NO, Cl Cl 891 879 ‘om 

NO Cl SCN 891 878 sous 

NO, Cl NO, 

NCS NO, cl 891 880 ~ 

NCS NO, SCN 893 877 ~ 

NCS OH, S,0, 893 877 =n 
. NCS NO, NO, 892 879 oe 
‘ NH, OH, Br 892 881 va 
‘ OH OH, S,0, 900 885 ee 


* The author thanks Dr. M. L. Tobe for samples of these compounds. + The author thanks Dr. 
P, J. Staples for samples of these compounds, 


and trans-isomers of bisethylenediamine complexes. As two bands are also found in this 
region in the trisethylenediamine complexes (see Table 3), it seems likely that the splitting 
occurs when the two ethylenediamine chelate rings are near to each other in space. 
Configuration of the Individual Chelate Rings.—It has been pointed out by Bailar and 
Corey ! that an isolated metal-ethylenediamine ring in the gauche-form can adopt either 
of two configurations (k and k’) which are energetically and geometrically equivalent, 
but are enantiomeric. A compound having more than one ethylenediamine ring, even 
for fixed positions of the donor nitrogen atoms, may then have rings with either the k- 
or the k’-configuration. Although the energy of conversion is expected to be small, the 
compounds containing different ring forms will differ slightly in thermodynamic stability. 
By considering the non-bonded interactions of the donor nitrogen groups, Corey and 
Bailar estimated that for the ¢rans-bisethylenediamine arrangement, the kk-form is more 
stable. However, X-ray data indicate that in the solid state the two rings are in mirror 
image forms (kk’-form). Fig. 3 shows that in the kk’-form, the hydrogen atoms attached 
* Bailar and Corey, J. Amer. Chem. Soc., 1959, 81, 2623. 
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to the donor nitrogen atoms, although giving greater hydrogen—hydrogen interactions, 
are in a favourable position for hydrogen bonding with the anion. 

It appears possible that in the solid state the kk’-form of the trans-bisethylenediamine 
complex is stabilised by interaction with the anion. The compounds that show the greatest 
amount of hydrogen bonding as assessed from the NH, frequencies also give the simplest 


Fic. 3. trans-[Co(en),Cl,]}*: (a) kk-form, (b) kk’-form. 






































(a) (0) 


spectra. Compounds that are not fixed by specific interaction should contain both the 
kk- and the kk’-form, thus producing a greater complexity of band structure because of 
the lower symmetry of the kk-form. 


EXPERIMENTAL 


Determination of Spectra.—The spectra were recorded on a Grubb—Parson G.S. 2A double- 
beam spectrometer. Solid samples in Nujol (B.P. grade) mulls were examined between rock-salt 
plates. 

Anion Analysis.—-A known weight of the complex was passed through a column of Amberlite 
IR-120 resin in the acid form. The equivalent of acid in the effluent was titrated with standard 
borax, Bromophenol Blue being used as indicator. 

Preparation of Compounds.—trans-Dichlorobisethylenediaminecobalt(111) salts. (a) Chloride. 
tvans-[Co(en),Cl,|Cl was prepared by Bailar’s method * and recrystallised from warm water 
(Found: Cl, 12-4. Calc. for CgH,,N,Cl,CoCl: Cl~, 12-4%). 

(b) Bromide. This was prepared by Jérgensen’s method ® (Found: Br-, 23-9. Calc. for 
C,H,,N,CI,BrCo: Br-, 24:2%). 

(c) Iodide. This was prepared by the same author’s method (Found: I~, 34-0. Calc. for 
C,H,,N,Cl,ICo: I-, 33-7%). 

(d) Thiocyanate. This was prepared by adding a solution of sodium thiocyanate to a 
solution of the chloride of the series [Found: SCN~, 18-3. Calc. for C,H,,N,Cl,Co(SCN): 
SCN-, 18-9%]. 

(e) Perchlorate. The dihydrate was prepared by adding a solution of sodium perchlorate 
to a solution of the chloride [Found: ClO,, 28-1. Calc. for CyHygN,Cl,O,Co(ClO,): ClO, 
28-2%]. 

(f) Cyanate. This salt was prepared by adding a solution of potassium cyanate to an ice- 
cold solution of the chloride (Found: C, 20-8; H, 5-8. C,;H,,N;Cl,OCo requires C, 20-6; H, 
56%). The cis-isomer was not isolated. 

(g) Nitrate. The dihydrate was prepared by adding a solution of sodium nitrate to one of 
the chloride [Found: NO,~, 17-7. Calc. for CsHygN,Cl,O,Co(NO,): NO,~, 17:9%]. 

(h) For the dithionate Jérgensen’s method * was used [Found: $,O,2-, 24:3. Calc. for 
(C,H,,.N,C1,Co),S,0,: S,0,2-, 24:3%]. 

cis-Dichlorobisethylenediaminecobalt(111) salts. (a) Chloride. cis-[Co(en),Cl,]C],H,O was 
prepared by Bailar’s method ™ (Found: Cl-, 11-6. Calc. for CgH,,N,C],OCo: Cl-, 11-7%). 


14 Bailar, “‘ Inorganic Syntheses,’’ McGraw-Hill, New York, 1946, Vol. II, p. 223. 
15 Jérgensen, J. prakt. Chem., 1890, 41, 44], 453. 
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(b) Bromide. The monohydrate was prepared from a solution of the chloride by addition 
of hydrobromic acid (Found: Br~, 23-0. Calc. for CsH,,N,Cl,OBrCo: Br~, 23-0%). 

(c) Iodide. Werner’s method #® was used (Found: I-, 33-5. Calc. for C,H,,N,Cl,ICo: 
a 33°7%). 

(d) Thiocyanate. This was prepared by addition of sodium thiocyanate to a solution of 
the chloride (Found: SCN~, 19-1. Calc. for CgH,,N,Cl,CoSCN: SCN~, 18-9%). 

(e) Perchlorate. The dihydrate was prepared from the chloride by addition of aqueous 
sodium perchlorate (Found: ClO,~, 27-8. Calc. for CgHygN,Cl,O,CoClO,: ClO,~, 28-2%). 

(f) Dithionate. This was prepared from the chloride by addition of aqueous sodium 
dithionate [Found: S,O0,?", 24:3. Calc. for (CgH,,N,Cl,Co),S,0,: S,O,?-, 268%]. 

Trisethylenediaminecobalt(111) salts. (a) The chloride, [Co(en),]Cl,;,3H,O, was prepared by 
Work’s method !? (Found: Cl~, 27-2. Calc. for CgH39N,Cl,0,Co: Cl-, 26-8%). 

(b) Bromide. The trihydrate was prepared by addition of hydrobromic acid to the chloride 
(Found: Br-, 45-1. Calc. for CgHy,N,Br,0,Co: Br~, 45-0%). 

(c) Iodide. The monohydrate was prepared from the bromide by the action of potassium 
iodide (Found: I~, 59-4. Calc. for CsH,,N,I,0Co: I-, 59-8%). 

(ad) Thiocyanate. This was precipitated by addition of sodium thiocyanate to a solution 
of the chloride (Found: SCN™~, 41-7. Calc. for CgH,,N,CoS,C,N,: SCN~, 42-1%). 

(e) Perchlorate. This was prepared from the chloride by addition of aqueous sodium 
perchlorate (Found: ClO,”, 55-3. Calc. for CgH,,N,CoCl,0,,: ClO,”, 55-7%). 

Chloroisothiocyanatobisethylenediamine salts. (a) trans-Thiocyanate. This was prepared 
from trans-[Co(en),Cl,|Cl and potassium thiocyanate by Werner’s method !* (Found: SCN-, 
17-0. Calc. for C;H,z,N;SCICOSCN: SCN~, 17-6%). 

(b) trvans-Dithionate. This was prepared by Werner’s method # [Found: $,O,2-, 22-2. 
Calc. for (C|;H,,N,SCICo),S,0O,: S,0,2-, 22-7%]. 

(c) cis-Chloride. Werner’s method 1 was used (Found: Co, 19-35. Calc. forC;H,,.N,SC1,Co: 
Co, 19-2%). 

(d) cis-Perchlorate. The monohydrate was prepared by the action of perchloric acid on the 
cis-chloride (Found: C, 15-45; H, 4-6. Calc. for C;H,g.N,;SCl,0,Co: C, 15-4; H, 4-6%). 

Chloronitrobisethylenediamine salts. (a) cis-Chloride. cis-[Co(en),CINO,]Cl was prepared by 
the action of sodium nitrite on tvans-[Co(en),Cl,]Cl according to Werner ?* (Found: Cl, 11-6. 
Calc. for C,H,,N,O,CICoCl: Cl-, 11-9%). 

(b) cis-Thiocyanate. This was prepared .by the action of aqueous potassium thiocyanate 
on the chloride (Found: SCN~, 18-4. Calc. for C,H,,N,;O,CICOSCN: SCN~, 18-6%). 

(c) cis-Nitrite. Werner and Gerb’s method ?* was used (Found: C, 15-2; H, 5-1. Cale. 
for CsH,,N,O,CICo: C, 15-65; H, 52%). 

Nitroisothiocyanatobisethylenediamine_ salts. (a) cis-Chloride. Prepared by Werner’s 
method 1* (Found: Cl-, 12-3. Calc. for C;H,,N,SO,CoCl: Cl~, 123%). 

(b) cis-Thiocyanate. This was prepared from the chloride by addition of aqueous potassium 
thiocyanate (Found: SCN~, 16-8. Calc. for C;H,,N,SO,CoSCN: SCN~, 17-1%). 

Di-isothiocyanatobisethylenediamine salts. (a) cis-Chloride. The monohydrate was prepared 
by Werner’s method #* (Found: C, 21-2; H, 5-1. Calc. for CgH,,N,S,OCICo: C, 20-7; H, 
52%). 

(b) cis-Nitrite. The monohydrate was obtained by addition of sodium nitrite to the chloride 
(Found: C, 20-5; H, 5-4. Calc. for CgH,,N,S,0,Co: C, 20-1; H, 5-1%). 

(c) trans-Chloride. This was prepared as monohydrate by the action of hydrochloric acid 
on the thiocyanate (Found: C, 21-0; H, 5-7. Calc. for CgH,,N,S,OCICo: C, 20-7; H, 5:2%). 

(d) trans-Nitrite. This was prepared by the action of sodium nitrite on the chloride (Found: 
C, 22-4; H, 4-9. Calc. for CgH,,N,S,0,Co: C, 21-2; H, 49%). 

trans-I sothiocyanatohydroxobisethylenediaminecobalt(111) thiocyanate. The monohydrate was 
prepared by Werner’s method 1° (Found: C, 21-9; H, 6-3; Co, 17-7. Calc. for CsH,yN,5S,0,Co: 
C, 21-9; H, 5-8; Co, 17-8%). 

cis-I sothiocyanatoaquobisethylenediaminecobalt(111) dithionate. The trihydrate was prepared 
by passing cis-[Co(en),NCSCI]CI through a column of Amberlite IR-400 resin in the hydroxide 
form and neutralising the effluent with dithionic acid, which had been prepared by passing 

16 Werner, Annalen, 1912, 386, 1. 


” Work, ref. 14, p. 221. 
18 Werner and Gerb, Ber., 1901, 34, 1742. 
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sodium dithionate through a column of Amberlite IR-120 resin in the acid form. The complex 
dithionate was precipitated by addition of alcohol (Found: Co, 12-5. Calc. for CgH,4N,O,9S,Co: 
Co, 12:5%). 

Deuterated Compounds.—In alkaline solution, the hydrogen atoms attached to the donor 
nitrogen atoms, as with the ammino-complexes,!* undergo exchange with the solvent, 
Deuterated trisethylenediaminecobalt(111) chloride was prepared from the protonated complex. 
[Co(en),|Cl, was dissolved in 99-80% deuterium oxide made approximately m in hydroxide 
(~0-04 g. of sodium hydroxide in 1 ml. of deuterium oxide) and the mixture was stored at 40° 
for 30 min. The deuterated chloride was precipitated by addition of concentrated hydrochloric 
acid after the mixture had been cooled to 10°. The analysis fits a compound containing three 
molecules of deuterium oxide of crystallisation, i.e., [Co(ND,°CH,°CH,*ND,),]Cl,,3D,O (Found: 
C, 17-2; H+ D, 10-0. C,H,,D,,N,0O,Co requires C, 17-2; H + D, 10-5%). 

The thiocyanate was prepared from the chloride by addition of aqueous sodium thiocyanate, 
The analysis indicates that the compound has one molecule of deuterium oxide of crystallisation, 
t.e., [(Co(ND,°CH,°CH,*ND,);](SCN);,D,0. The protonated compound is anhydrous. Bands 
observed in the D-O stretching region in the infrared spectrum also show the presence of 
deuterium oxide (Found: C, 24-2; H + D, 9-1. C,H,,D,,N,S,0Co requires C, 24-3; H + D, 
9-0%). 

Deuterated trans-dichlorobisethylenediaminecobalt(11) salts were prepared from trans- 
[Co(en),Cl,]Cl. The protonated chloride was dissolved in 99-80% D,O (1m with respect to 
hydroxide), and the mixture left overnight. Excess of concentrated hydrochloric acid was 
added, and the mixture heated to dryness on a water-bath. The resulting green crystals were 
dried at 110°. A sample of the deuterated chloride was taken for infrared analysis. A solution 
of sodium thiocyanate was added to the rest, and the deuterated thiocyanate was precipitated 
(Found: SCN~, 17-3. C;H,D,N,SCI,Co requires SCN~, 17-6%). 


The author thanks Dr. J. Lewis for advice and discussion. 
BEDFORD COLLEGE, REGENT’s PARK, LonNpDoN, N.W.1. (Received, April 5th, 1960.) 
18 Anderson, Spoor, and Briscoe, J., 1943, 361; Brock and Gold, /J., 1959, 966. 





849. Infrared and Nuclear Magnetic Resonance Spectra of Some 
Cyclic Phosphorus Compounds. 


By RicHarpD A. Y. Jones and A. R. KATRITZKY. 


The nuclear magnetic resonance of phosphorus atoms in cyclic compounds 
could not be simply correlated with ring size. The frequency variation of 
the P=O stretching mode in cyclic phosphates does not parallel that of the 
C=O mode of lactones, 


Cyciic phosphates are of importance in biological systems, for example as intermediates 
in the hydrolysis of RNA? and of phospholipids,? and commercially in insecticides and 
plasticisers. 

Salts of ethylene hydrogen phosphate (I; R = O-M*) undergo alkaline hydrolysis 
ca. 10" times more rapidly than salts of dimethyl hydrogen phosphate. Ethylene methyl 
phosphate (I; R = OMe) is hydrolysed by alkali ca. 2 x 10® times as rapidly as trimethyl 
phosphate, and heats of hydrolysis indicate that the cyclic ester is the less stable by 7—9 
kcal. Westheimer has suggested that strain in the five-membered ring of cyclic phos- 
phates accounts for these results, and points out that this strain should be relieved in 
six-membered ring phosphates;* these compounds are apparently hydrolysed much less 
quickly (cf. ref. 4). 

? Brown and Todd, Ann. Rev. Biochem., 1955, 24, 311. 

2 Dawson, Ann. Rep., 1958, 55, 365. 

*« Kumamoto, Cox, and Westheimer, J. Amer. Chem. Soc., 1956, 78, 4858, 


3% Cox, Wall, and Westheimer, Chem. and Ind., 1959, 929. 
* Westheimer, Chem. Soc. Spec. Publ, No, 8,.1957, p. 1. 
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The present work was carried out to determine whether the ring size of cyclic phos- 
phorus compounds could be correlated with spectral characteristics. The phosphoro- 
chloridite (II; R = Cl), phosphite (II; R = OEt), and phosphate (III) with five- and 


CH,-O. 40 4 —O, ,O - .% 
CH,:07 SR [CHi}n— o7PR [CHn_ oS ee [chan Q7PH 
(1) (II) (III) {IV) 


six-membered rings (w = 2 or 3) were studied and compared with diethyl phosphoro- 
chloridite, triethyl phosphite, and triethyl phosphate. 

Nuclear magnetic resonance peaks, measured as p.p.m. relative to 85% phosphoric 
acid, were: 


Phosphorochloridite Phosphite Phosphate 
hee te, Ree — 167 —131 —17 
Sp RTC ET MERI —153 —128 +1 
BIE  sniccctgccorasinncnveseotecs — 164 —138+4+ 1* +1+41* 
* Ref. 5. 


The resonance peaks for the six-membered rings are at 6—11 p.p.m. to higher fields than 
for the acyclic analogues. The effect of a five-membered ring can cause shifts to either 
higher or lower field values. Thus there is no simple relation between ring size and the 
position of peak. Van Wazer and co-workers ® reported ca. —160 p.p.m. for diphenyl 
phosphorochloridite. 

The infrared spectra of 0-185M-chloroform solutions were measured in a 0-108 mm. 
cell, and apparent extinction coefficients were recorded (for the errors and approximations 
involved therein see ref. 7). The vP=O band was found at 1290 cm. (400), 1287 (400), 
and 1261 (380), for the six- and five-membered rings and the acyclic compound, respec- 
tively. This behaviour differs from that of vC=O in cyclic carbonyl compounds where 
six-membered rings and acyclic compounds absorb at comparable frequencies but five- 
membered ring compounds some 40 cm. higher. Thus there is no correlation with 
hydrolysis rates. 

In this region, the phosphites showed weak bands at ca. 1290 cm. (20) and the cyclic 
phosphorochloridites moderate ones at 1277 (75) and 1289 (90), of unknown origin. 

Reasonable assignments can be suggested for the remaining bands of the cyclic com- 
pounds with e, > 10. A ring CH deformation mode was found at 1480—1474 cm. 
(15—35) for the five-membered rings. Dioxolans show the CH, scissor mode of the [CH], 
group at 1480 cm. (cf. ref. 8a). For the six-membered rings seven bands were found at 
1483—1477 (30—40), 1470—1465 (25—30), 1433—1429 (25—30), 1374—1371 (20—40), 
1142—1136 (70—160), 890—888 (50—85), and 874—861 (85—210). The infrared spectrum 
of trimethylene sulphite ® shows bands at 1467 m, 1428 s, 1367 m, 1141 w, 904 w, 855s, 
which correspond closely to all but the first of the sequence listed above. 

Bands characteristic of the ethyl group for the cyclic phosphites and phosphates were 
found: 


1448—1445 (25—30) methyl asym. bend 1442 + 2 (25 + 5) 
1398—1391 (30—50) methyl sym. bend 1392 + 3 (60 + 20) 
1165—1161 (25—45) methyl rock (in-plane) 1113 + 2 (55 +- 10) 


1095—1092 * (45.—50) methyl rock (out-of-plane) 1089 + 2 (25 + 5) 











+ The following conventions are used: parentheses enclose apparent maximum extinction coefficients 
calculated by using the equation ¢, = (1/C/) logy, (J,/I). * denotes shoulder. 


5 Mean values from (a) Muller, Lauterbur, and Goldenson, J. Amer. Chem. Soc., 1956, 78, 3557; 
(b) Callis, Van Wazer, Shoolery, and R. C. Jones, J. Amer. Chem. Soc., 1956, 78, 5715; (c) Finegold, 
Ann. New York Academy, 1958, 70, 875. 

* Fluck, Van Wazer, Groenweghe, J. Amer. Chem. Soc., 1959, 81, 6363. 

? Katritzky, Monro, Beard, Dearnaley, and Earl, J., 1958, 2182. 

8 (a) Barker, Bourne, Pinkard, and Whiffen, ]., 1959, 802; (b) de la Mare, Klyne, Millen, Pritchard, 
and Watson, J., 1956, 1813. 

® Mortimer, Spectrochim. Acta, 1957, 9, 270. 








4378 Infrared and Nuclear Magnetic Resonance Spectra etc. 


These assignments are based on those for the ethyl vibrations in ethyl ethers,!° for which 
the arithmetical means and standard deviations are given in the right-hand column, 
The methylene and ring scissor bands are apparently superimposed near 1480 cm.!. The 
methylene wagging mode is found solely for the cyclic phosphates at 1374—1371 cm. 
(40—50), this mode is known to be very sensitive to the environment of the ethyl group.?. 
Three bands have been reported " for the Et-O-P group near 1480, 1445, and 1395 cm.1, 
and a fourth band at ca. 1370 cm. was found for compounds containing the grouping 
Et-O-P(=O). Other bands at 1168—1160 cm.+ and ca. 1105 cm.* were previously 
assigned to C-O and P-O modes. Precise intensities have not been reported before. 

P-O and C-O stretching modes cause bands in the 1100—-1000 cm." region. Absorp- 
tion for the phosphates is similar for all three compounds: 


ITE I TS Fins Aaa 1073 (380) 1034 (1000) 968 (400) 
DEE sickiccisssdtducacbe 1060 * (210) 1032 (1000) 975 (120) 
pS REARS SR 1070 * (175) 1032 (1200) 976 (400) 


Ranges 1036—1029 and 990—971 cm." have previously been given for bands of these 
types in phosphates."! Corresponding absorption for the other classes of compounds 
depends more on the ring size: 


Phosphite Phosphorochloridite 
TIM .ncccrcescccevs 1066 (420) 1041 (460) | 1062 (480) 1020 * (50) 
Five-ring —.........+++. 1045 (210) 1011 (330) | 1049 (70) 1028 * (75) 1008 (410) 
REYOES  vcccccccscsecss 1021 (1000) 979 * (65) | 1075* (65) 1015 (460) 


Bands characteristic of the 1,3,2-dioxaphospholane (IV; = 2) and -dioxaphos- 
phorinane (IV; » = 3) rings have been reported * at 924—922 and 936—934 cm.1, 
respectively, and it was stated that such bands have not been observed in any other 
phosphorus compounds. In the 950—900 cm. region the compounds now investigated 
showed the following bands: . 





Phosphate Phosphite Phosphorochloridite 
a ree 930 (190) | 929 (290) 953 * (70) 934 (280) 
Five-ring ......... 926 (135) 911 (220) | 922 (180) 
FE. cascessscens —- 935 * (180) 910 (480) | 974 (160) 957 (170) 928 (170) 


Obviously Cason, Baxter, and De Acetis’s correlations must be used with caution. 
A band at ca. 917 cm. has been suggested as characteristic of the group P-OEt.4 


EXPERIMENTAL 


All compounds were redistilled immediately before measurement. 

Measurement of Spectra.—For conditions of measurement, etc., of infrared spectra see refs. 
7 and 13. Nuclear magnetic resonance spectra were obtained at 16-2 Mc./sec. with a Varian 
Associates 4300 B spectrometer and 12 in. electromagnet with flux stabilisation and non-spinning 
10-mm.sample. 85% Orthophosphoric acid was used as an external standard for phosphorus(v) 
measurements and trimethyl phosphite for phosphorus(111)._ For conversion, trimethyl phos- 
phite was taken as having a chemical shift of — 139 p.p.m. relative to orthophosphoric acid.¥ 

Ethylene and trimethylene phosphorochloridites and phosphites were prepared by the method 
of Lucas, Mitchell, and Scully,™ and redistilled 3—5 times. Satisfactory carbon and hydrogen 
analyses were obtained for all the compounds and their refractive indexes and boiling points 
agreed with those previously reported,!* although some compounds were prone to super-heating. 

Cyclic phosphates were prepared by oxidising the appropriate phosphites in dichloromethane 
with a dichloromethane solution of dinitrogen tetroxide at —80°.%5 Ethyl ethylene phosphate 
had b. p. 62°/10? mm., »,*° 1-4271 (Found: C, 31-3; H, 6-1. C,H,O,P requires C, 31:6; 

1© Katritzky and Coats, /., 1959, 2062. 

1 MclIvor, Grant, and Hubley, Canad. J]. Chem., 1956, 34, 1611. 

' Cason, Baxter, and DeAcetis, ]. Org. Chem., 1959, 24, 247. 

18 Katritzky and Lagowski, J., 1958, 4155. 

1! Lucas, Mitchell, and Scully, J. Amer. Chem. Soc., 1950, '72, 5491. 

1° Cox and Westheimer, J. Amer. Chem. Soc., 1958, 80, 5441. 
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H, 6:0%). Ethyl trimethylene phosphate had b. p. 77—79°/10 mm., n,*® 1-4386 (Found: 
C; 36-0; H, 6-7. C,H,,O,P requires C, 36-15; H, 6-7%). 

Diethyl phosphorochloridite, prepared by Saunders and his co-workers’ method,!* had b. p. 
38—39°/12 mm., ,?° 1-4377 (lit. b. p. 34—42°/13 mm.). 


We thank Sir Alexander Todd, F.R.S., for his interest, Dr. C. B. Reese for having brought 
this problem to our attention and for helpful discussion, the D.S.1.R. for a maintenance grant 
(to R. A. Y. J.), and the Wellcome Trustees for the provision of the nuclear magnetic resonance 
spectrometer. 
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850. The Ditertiary Arsine Complexes of Nickel, Palladium, and 
Platinum. 
By C. M. Harris, R. S. NyHoim, and D. J. PHILLIPs. 


The ditertiary arsine complexes of bivalent platinum have been prepared 
and characterised. Their properties are compared with those of the corre- 
sponding compounds of bivalent nickel and palladium. Conductivity 
measurements and spectrophotometric studies in nitromethane show that all 
three metals give presumably five-co-ordinate cations of the type [M"™(Di- 
arsine),Hal]*. In water this complex cation is largely dissociated to yield 
the four-co-ordinate [M"(Diarsine),]** ion but the five-co-ordinate nickel ion 
is much more stable. Possible explanations for these differences are 
examined. Quadrivalent palladium and platinum complexes of the type 
[M!Y(Diarsine),X,][ClO,], have been prepared for the first time. Their 
properties are discussed. The different kinds of ditertiary arsine complexes 
formed by nickel, palladium, and platinum in the various oxidation states are 
summarised. 


TuE ditertiary arsine chelate o-phenylenebisdimethylarsine (Diarsine), was first prepared 
by Chatt and Mann,! who described the compounds [Pd(Diarsine)Cl,]®, [Pd(Diars- 
ine),|[PdCl,], and [Pd(Diarsine),|Cl,. Later® we showed that in addition to quadricovalent 
paliadium(11) complexes of the type [Pd(Diarsine),|[ClO,],, compounds of the general 
formula [Pd(Diarsine),Hal]ClO, could be prepared. The latter behave as uni-univalent 
electrolytes in nitrobenzene and it was concluded that the Pd"! atom was quinquecovalent, 
at least in this solvent. Continuous-variation spectrophotometric evidence in support of 
this 1 : 1 association of the [Pd(Diarsine),]** ion with halide was also presented. Complexes 
of the type Pd(Diarsine),Hal, also behave as uni-univalent electrolytes in nitrobenzene. 
Single-crystal X-ray studies,? however, indicate that in the solid state the di-iodide contains 
a sexicovalent palladium(1) atom which is tetragonally co-ordinated. The apparently 
quinquecovalent complex ions of the type [Pd(Diarsine),Hal]* could also be sexicovalent 
in solution if the presence of a solvent molecule in the sixth position is postulated. This 
will be discussed below. 

In the present investigation we studied the corresponding complexes of bivalent nickel 
and platinum in order to compare the tendencies of these three metal atoms to form 
quinque- and sexi-covalent complexes. We also wished to characterise and examine the 
Diarsine complexes of palladium and platinum when the oxidation state is greater 
than two. 

Nickel Complexes.—The bivalent-nickel complexes [Ni(Diarsine),][ClO,], and Ni(Di- 
arsine),Hal, (Hal = Cl, Br, I, and CNS) had been isolated previously * in connection with 


1 Chatt and Mann, /., 1939, 610. 

? Harris and Nyholm, /., 1956, 4375. 

* Harris, Nyholm, and Stephenson, Nature, 1956, 177, 1127. 
‘ Nyholm, /., 1950, 2061. 
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studies on the preparation of nickel(111) compounds but few of their physical properties 
had been studied in detail. Certain new halogeno-perchlorates have now been obtained, 
The spectra and conductivities in nitromethane of the various complexes investigated are 
listed in Table 1. The conductivity data indicate that the diperchlorate is markedly 
different from the other compounds listed. From studies on a large number of compounds 
it is known that the molecular conductivity of a 10-m-solution of a uni-univalent electrolyte 
in nitromethane is 70—80 r.o., whereas for a uni-bivalent electrolyte it is nearer 160 r.o, 





TABLE lI. 
Mol. cond. (r.o.) 
at 25° in MeNO, Spectrum 
Compound * Colour (C = m/1000) Amax. (mp) € 
[Ni(Diarsine)s][ClOg],  .....0..ecceseesseees Orange 157 433 470 
PUREUEUEMIGA | cevdcqegocssavcocsencees Red 73 383 460 
475 1120 
[Ni(Diarsine) CIICIO,  ......cccccccecseceece Red 83 383 470 
475 1110 
8 a eee Brown 78 475 1190 
[Ni(Diarsine),Br}ClO, Red-brown 82 475 1170 
[Ni(Diarsine) ,SCN]SCN ... Red-brown 83 475 1200 
[IRREMPOREUEGDREIE  <vesccesececccsncdcscescess Dark brown 80 485 1240 
620 w sh 250 
[Ni(Diarsine) ,NO,]NO,  .............seeeeee Brown 93 —_ — 


* Compounds such as Ni(Diarsine),Cl, which behave as uni-univalent electrolytes in MeNO, are 
formulated as such, i.e., [Ni(Diarsine),CI|Cl. In the absence of crystal-structure data on these com- 
pounds it seems unwise to assume that they are all necessarily similar to Pd(Diarsine),I,; see also 
reference below to Powell’s work.* 


Fie. 1. Fic. 2. 
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Wavelength (my) 
Fics. 1 and 2. Absorption spectra of nitromethane solutions of: 
(1) [Ni(Diarsine),}[ClO,},; (2) [Ni(Diarsine),CI]Cl; (3) [Ni(Diarsine),Br]Br; (4) [Ni(Diarsine),SCN]SCN; 
(5) [Ni(Diarsine),I]I; (6) [Ni(Diarsine),CI)ClO,; (7) [Ni(Diarsine),Br]ClO,. 





400 500 


Thus, it is reasonable to postulate that, whereas the diperchlorate is a bi-univalent 
electrolyte in this solvent, one of the halogen atoms in all other compounds is covalently 
bound to the nickel atom. This can be correlated with the spectra of the compounds, all 
of which, except that of the diperchlorate, show a characteristic band near 480 mu (see Figs. 
1 and 2). The similarity between the dihalides and the halogeno-perchlorates is specially 
noteworthy. Continuous-variation spectroscopy has also been carried out on several 
compounds, and a 1 : 1 combination of [Ni(Diarsine),]** ion with halide ion is confirmed. 
A conductimetric titration of [Ni(Diarsine),][ClO,], in nitromethane with both tri- 
phenylmethylarsonium chloride and iodide has also been carried out. A sharp end-point 
is obtained when only one equivalent of the halide has been added. (See Figs. 3 and 4.) 
Platinum Complexes.—The properties of the bivalent platinum complexes which have 
been prepared are listed in Table 2. The conductivity values are similar to those of the 
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TABLE 2. Molecular conductivities of platinum(11)-diarsine complexes in nitromethane. 


Mol. cond. Mol. cond. 
(r.o.) at 25° (r.0.) at 25° 
in MeNO, in MeNO, 
(C = 0-9— (C = 0-9— 
Compound Colour 1-2 x 10-5m) Compound Colour 1-2 x 10-°m) 
[Pt(Diarsine),|[PtCl,] Pink Insol. 'Pt(Diarsine),Br] Br Yellow 75 
[Pt(Diarsine),|[ClO,), | White 175 {Pt(Diarsine),BriClO, Yellow 93 
[Pt(Diarsine),NO,])NO, White 150 [Pt(Diarsine) ,1){f Yellow 73 
[Pt(Diarsine),CI]Cl ... Pale yellow 76 [Pt(Diarsine),1)ClO, Yellow 78 
[Pt(Diarsine),CI}CIO, Pale yellow 108 [Pt(Diarsine),SCN]SCN Pale yellow 100 


nickel compounds except that there is evidence for a greater degree of dissociation to form 
the four covalent [Pt(Diarsine),|** ion than occurs with nickel. The diperchlorate is clearly 
a bi-univalent electrolyte; the nitrate is similar but shows slight evidence of association. 
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Fics. 3 and 4. Conductimetric titration of 25-0 ml. of 5 x 10-4m-[Ni(Diarsine),|[ClO,), with (Fig. 3) 
2 x 10-*m-[Ph,MeAs]Cl or (Fig. 4) 2 x 10-*m-[Ph,MeAs]I in nitromethane at 25°. P = calc. end-point. 
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0-4} 
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Fic. 5. Continuous-variation study of (A) & O3+ 
M/500-NMe,Br and (B) m/500- § 
[Pt(Diarsine),|[ClO,|, in mnitrometh- % 
ane at 377 mp (corr. for absorption ~ 0-2} 
by constituents). 4 ° 
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A(~QO 20 40 60 80 /00 
a%)I00 80 60 40 20 oO 


The other compounds have conductivities which indicate uni-univalent electrolytes except 
that in certain cases, e.g., the thiocyanate, there is definite evidence for dissociation of the 
[Pt(Diarsine),CNS]* ion. 

As with the nickel complexes a continuous-variation spectrophotometric study was 
carried out to study the reaction between the [Pt(Diarsine),]** ion and halide ions. The 
result for the bromide ion is shown in Fig. 5, a 1: 1 combination occurring. Finally, the 
1:1 combination may also be demonstrated by conductimetric titration. Figs. 6 and 7 
are graphs for the conductimetric titration of [Pt(Diarsine),|[ClO,], in nitromethane with 








4382 Harris, Nyholm, and Phillips: The Ditertiary Arsine 


tetraethylammonium chloride and iodide: a sharp break in the curve occurs after one 
equivalent of the halide ion has been added. 

Thus, it has been demonstrated that, as with the [Pd(Diarsine),|** ion, the co-ordin- 
ation numbers of both the nickel(11) and platinum(I) complex ions increase from four to five 
in nitromethane solution on the addition of a halide ion; the complex cation can be isolated 
in all cases as the perchlorate. 

It is of interest to compare the relative ease with which the ions [Ni(Diarsine),}?*, 
[Pd(Diarsine),|?*, and [Pt(Diarsine),]?* attach a halide ion. One method for doing this 
is to study the equilibrium, [M(Diarsine),]** + Hal (iy.) [2 [M(Diarsine),Hal] + Solvent, 
in a solvent such that the solvation energy of the halide ion is competing with the metal- 
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Fics. 6and 7. Conductimetric titration of 25-0 ml. of 5 x 10-*m-[Pt(Diarsine),][ClO,], by (Fig. 6) 0-01m- 
NMe,Cl and (Fig. 7) 0-OlmM-NEt,I. P = calc. end-point. Specific conductance is corrected for 
dilution. k 


Fic. 8. Molecular conductivity, in water, of M''(Diarsine),Cl, at 20°. M = (1) Pt, (2) Pd, (3) Ni. 
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halogen bond energy: it is assumed, of course, that the solvation of the complex cation is 
small enough for any differences between the three metals to be ignored. Clearly a more 
strongly solvating medium for the halide ion than nitromethane is needed if appreciable 
dissociation is to occur, and water is convenient for this purpose. The molecular con- 
ductivity of a 10°m-aqueous solution of complexes of the type M(Diarsine),Cl, at 20° 
increases in the order Ni(Diarsine),Cl, (109 r.o.) < Pd(Diarsine),Cl, (180 r.o.) = Pt(Di- 
arsine),Cl, (186 r.o.). A plot of Ay against concentration is given in Fig. 8. There is 
not much difference between the behaviour of Pd(Diarsine),Cl, and Pt(Diarsine),Cl,, but the 
nickel compound shows very much greater association. No attempt is made here to 
obtain from these Figures degrees of dissociation of the [M(Diarsine),X]* ions, owing to 
uncertainty as to the values of the ionic mobilities. Indeed attempts to do this are largely 
vitiated owing to the insolubility of the [M™(Diarsine),][ClO,], complexes in water at the 
concentrations employed, from which values the ionic mobility of the [M(Diarsine),]** ions 
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could be obtained. Nevertheless, it is clear that, in water, the relative tendencies for 
halogen ions to associate with the [M"(Diarsine),|** ions are in the order Ni > Pd = Pt. 
It has been found that the molecular conductivities of the dibromides in water and the 
dinitrates in nitromethane indicate the same sequence. 

As a separate investigation we are studying these equilibria by spectrophotometric 
measurements, paying particular attention to the réle of the solvent and possible metal- 
solvent interaction. 

At present it is not possible to be certain of the reason for the above order. It is 
perhaps significant, however, that the Haissinsky electronegativities increase in the order 
Ni (1-7) < Pd (2-0) < Pt (2-1); also the sums of the first and the second ionisation potentials 
for Ni, Pd, and Pt are respectively 25-8, 28-2, and 27-5 v. If the electronegativity be taken 
as a measure of the charge transfer in the o-bond from the donor (As) atom to the metal 
atom, then a larger electron-transfer from the ligand to the metal occurs with palladium 
and platinum than with nickel. 

As a result the positive charge on the metal atom decreases in the order Ni > Pd 8 Pt. 
This could be visualised as providing a means of attaching the negative halogen ion and 
hence might explain the observed order. So far we have ignored the possible effect of 
d,-d, bonding which would also increase the positive charge on the metal atom and hence 
facilitate the attachment of the halogen atom in the fifth position. There is no simple way 
of comparing the relative capacity of these three metals for d,-d, bond formation. If.we 
assume that carbonyl complexes are the ideal examples of double-bond formation between 
metal and ligand it may be significant that, whereas nickel carbonyl is easily prepared, 
palladium and platinum carbonyls are unknown, at least as yet. If this is attributed toa 
decreasing capacity of the metal to form d,-bonds as we pass from nickel to palladium and 
platinum, an alternative reason for a steady decrease in the positive charge on the metal 
in the sequence Ni > Pd & Pt is provided. Thirdly, it is known that the energy separ- 
ation ns —» np for platinum(II) is much greater than for the other two metals. This is 
undoubtedly a contributing factor. The subject will be discussed shortly. 

The number of known compounds in which the co-ordination number of bivalent dia- 
magnetic nickel, palladium, and platinum exceeds four is relativelysmall. Although it is 
possible to obtain quinque- and sexi-co-ordinate complexes of palladium in solution, given 
a sufficiently high concentration of halide ions ® (e.g. [PdCl,]#- and [PdBr,]*-), it is usually 
necessary to use easily polarisable ligands such as tertiary arsines. The tritertiary arsine 
MeAs([CH,],*AsMe,), gives rise to sexicovalent complexes of the type [M"(Triarsine),]** 
with al] three metals,*? and methyl cyanide gives ® the sexico-ordinate platinum com- 
pound [Pt(MeCN),(NH,),|Cl,. There is little doubt that many more quinque- and sexi- 
co-ordinate complexes could be obtained by suitable choice of ligands. Owing to the d® 
spin-paired configuration one expects all these sexico-ordinate complexes to be tetragonal. 

Complexes of Oxidation State Higher than Two.—Earlier*® we described tervalent 
and quadrivalent nickel complexes of the types [Ni!(Diarsine),X,]X and [Ni'’(Di- 
arsine), X,|**[ClO,}, (X = Cl and Br), and we have now examined the behaviour of both 
palladium(11)— and platinum(11)—diarsine complexes towards oxidising agents. No definite 
evidence for the existence of complexes of palladium(11) or platinum(111) has been obtained 
although some impure weakly paramagnetic derivatives were obtained on oxidation with 
dilute nitric acid; these are being further investigated. However, derivatives of 
palladium(iv) and platinum(rv) in complexes of the general type [M'¥(Diarsine,X,]**[Y~], 
(X = Cl, Br, I; Y = ClO, or NO,~) have been obtained readily. The platinum deriv- 
atives are the more stable, as is usual. The simplest preparation is by treating the 
complex M"(Diarsine),X., ¢.g., Pt(Diarsine),Cl,, with concentrated nitric acid (containing 


5 Sundaram and Sandell, J]. Amer. Chem. Soc., 1955, 77, 855. 
* Barclay and Nyholm, Chem. and Ind., 1953, 378. 

? Parish, Thesis, London, 1958. 

® Tschugaev and Lebedinsky, Compt. rend., 1915, 161, 563. 
® Nyholm, J., 1951, 2602. 
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a little hydrochloric acid in the case of the chloride). Oxidation occurs and addition of 
perchloric acid to the resulting solution yields the quadrivalent-metal complex. The 
properties of these complexes are given in Table 3. 


TABLE 3. Properties of diarsine complexes of platinum(tv) and palladium(tv). 
Mol, cond. (r.o.) in MeNO, at 25° 


Compound Colour (C = 10°8m) 
[Pt(Diarsine),Cl,][ClOg], .....-..eeeeeeeeeeees Pale yellow 172 
[Pt(Diarsine) Brg ][ClOg], ...........seeeevees Yellow 168 
[Pt(Diarsine).I,}[(ClOg], «2... ..esseeeeseeeeeee Orange-red 161 * 
[Pt(Diarsine)gIg)[NOg]o ........secceeereeeeeers Orange-red — 
[Pt(Diarsine) Cl, ][ClOg], ...........ecceceeeee Orange 176 
[Pt(Diarsine) Brg|[ClOgl, ........0.0cssecceoes Red 169 


* C=0-6 x 10°. 


The iodo-compound [Pt!’(Diarsine),I,|(NO3). was also isolated. When this dinitrate 
is treated with potassium iodide in aqueous solution, an insoluble greenish-black com- 
pound Pt(Diarsine),I, is precipitated. If this had the structure [Pt'’(Diarsine),I,}[I}, an 
orange-reddish colour would be expected (in accord with known colour of the cation). 
The actual colour and an absorption band similar to that of the 1,~ ion suggest the presence 
of bivalent platinum; however, owing to its low solubility this complex was not further 
investigated. Use of halogens as oxidising agents leads to products which are of indefinite 
composition but appear to be impure platinum(rIv) derivatives. As confirmation it is 
possible, after addition of perchloric acid, to isolate fairly pure complexes of the type 
[Pt(Diarsine) 2X] [C104], The quadrivalent derivatives are all reduced by sulphur dioxide 
in aqueous suspension $0 the white complex [Pt"(Diarsine),][ClO,4)>. 

In the case of palladium the complexes [Pd(Diarsine), Cl 2|(ClO,), and [Pd(Di- 
arsine),Br,|[ClO,),, but not the corresponding iodo-compound, have been prepared. 
Oxidation was again more conveniently effected with nitric acid rather than with halogens. 
These compounds are appreciably more stable than the corresponding derivatives of 
monodentate arsines," e.g., as prepared by the action of halogens on [Pd(Ph,MeAs),Br,}°. 

In Table 4 the known compounds of these three metals with the Diarsine are shown and 
their inter-relations are indicated. In the Table there are certain compounds for which 
new physical data are available, which have not been published previously and it is con- 
venient to record this information here. 


TABLE 4. Summary of known ditertiary arsine complexes of nickel, palladium, 
and platinum. 
(Unless otherwise specified, X may be Cl, Br, I, CNS, NO,, or NO.) 
Oxid. Co-ordin. 
state no. Ni Pd Pt 
0 4 [Ni(CO),Diarsine]® —- —- 
[Ni(Diarsine),]° ¢ _- — 
6 [Ni(Diarsine) ,|}[ClO,], — — 
[Ni(Diarsine),I,]°incrystal.? {[Pd(Diarsine),I,]°in crystal. [Pt(Diarsine),I,]° in crystal. 
II 5 [M(Diarsine),X|ClO, (M = Ni, Pd, and Pt) in solvents such as MeNO, and PhNO,. 
Probably sexicovalent in the crystal ¢ 
4 [Ni(Diarsine) X,]° (X = Br), [Pd(Diarsine)X,]° (X = Br, — 
I) I 


) 
M(Diarsine),}{ClO,], (M = Ni, Pd, and Pt) 


III 5 [Ni(Diarsine) Br,}° — ae 
6 [ Ni(Diarsine),Cl,}Cl oe 
IV 6 [M(Diarsine),Cl,][(ClO,], (M = Ni, Pd, and Pt) 


#b¢ See text. 


(a) [Ni(Diarsine),])°. This compound was prepared by D.V. Ramana Rao by heating 
Ni(CO),Diarsine with Diarsine im vacuo; it is similar to the corresponding diphosphine 


1® Nyholm, unpublished observations. 
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described by Chatt and Hart." The two carbon monoxide groups are much more difficult 
to remove from Ni(Diarsine)(CO), than are the first two from nickel carbonyl. 

(b) Ni(Diarsine),I,. It was noted some years ago that two forms of this compound can 
be prepared, a brown stable modification and a green unstable one. When solutions of 
nickel iodide and the ditertiary arsine in acetone or alcohol solution are mixed, the brown 
compound is precipitated. If, however, an aqueous solution of [Ni(Diarsine),|Cl, is treated 
with iodine ions a green precipitate is formed. This changes to the brown form instantly 
when moistened with acetone and it was suspected that this green form was simply a 
hydrate. However, both forms dissolve in nitrobenzene to green solutions from which the 
green form is precipitated by light petroleum. It is possible that the isomers are cis- and 
trans-forms of a sexicovalent complex, but it seems more likely that one is a sexicovalent 
non-electrolyte (the green form) and the other a salt. Without an X-ray examination 
speculation on these hypotheses is unprofitable. ; 

(c) It is assumed that, in the solid state, the nickel and platinum compounds involve a 
sexicovalent metal atom with a tetragonal arrangement of the ligands as occurs with the 
palladium compound. Nothing is known of the stereochemistry of the quinquecovalent 
ions such as occurs in [Ni(Diarsine),Br]ClO,. In solution it seems likely that the five 
ligands are arranged about the metal atom in a square-pyramidal arrangement probably 
with a solvent molecule in the sixth position. X-Ray studies on these compounds are in 
progress in Mr. H. M. Powell’s laboratory at Oxford. He has, however, already examined 
compounds of the type M"™X,-Triarsine, where M™ = Pt, Pd, and Ni, and reports’? that 
“The nickel atom in NiBr,:Triarsine in the crystal is five-covalent; the five attached atoms 
have an arrangement which may be regarded as a considerably distorted square pyramid.” 
With regard to the palladium compound,™ “The corresponding palladium complex is 
not five-covalent in the crystal, one bromine atom being at too great a distance from the 
palladium atom.”’ 


EXPERIMENTAL 

The compounds described below are new or previous procedures are modified. Those nickel 
complexes not described here were prepared according to Nyholm,‘ and the palladium com- 
plexes by the procedure of Harris and Nyholm.! (For naming of compounds see footnote to 
Table 1.) 

Di-(o-phenylenebisdimethylarsine)nickel(1) Perchlorate Monohydrate.—To [Ni(H,O),](C1O,), 
(3-7 g.) in boiling acetone (100 ml.) was added Diarsine (o-phenylenebisdimethylarsine) (5-7 g.) 
in acetone (20 ml.). After cooling of the red solution, the orange crystalline monohydrate 
(7-7 g.) which was precipitated was filtered off and washed with acetone, and the excess of acetone 
was removed under a vacuum, leaving the anhydrous complex (Found: C, 28-3; H, 3-9. 
CyH,,As,Cl,NiO, requires C, 28-3; H, 4.0%). The compound did not lose weight at 140°. 

Monoiododi-(o-phenylenebisdimethylarsine)nickel{11) Iodide.—To [Ni(Diarsine),][ClO,],,H,O 
(0-5 g.) in boiling acetone (100 ml.) containing water (10 ml.) was added, in one lot, an excess of 
sodium iodide (1-0 g.) in 80% acetone (10 ml.). The deep purple solution deposited the dark- 
brown compound (0-45 g.) which was washed with cold acetone (Found: C, 27-2; H, 3-7. Cale. 
for C.gH;,As,I,Ni: C, 27-1; H, 3-7%). 

Monobromodi-(o-phenylenebisdimethylarsine)nickel(11) Bromide.—[Ni(Diarsine),](ClO,),,H,O 
(0-60 g.) in boiling acetone (130 ml.) containing water (13 ml.) was treated all at once with an 
excess of lithium bromide (1-0.g.) in acetone (10 ml.) and water (5 ml.). The brown crystals 
(0-49 g.) of the compound were isolated as for the iodide (Found: C, 30-5; H, 3-9. Calc. for 
CyH,,As,Br,Ni: C, 30-3; H, 4-1%). 

Monochlorodi-(o-phenylenebisdimethylarsine)nickel(11) Perchlorate——The deep red solution 
formed on addition of triphenylmethylarsonium chloride (0-17 g.) in acetone (25 ml.) to [Ni(Di- 
arsine),][C1O,],,H,O (0-42 g.) in boiling acetone (800 ml.) was evaporated to 100 ml. and left for 
lhr. The precipitated red salt (0-20 g.) was washed quickly with cold acetone and dried in 
vacuo (Found: C, 31-1; H, 4-1; Cl, 4:8. C,9H,,As,Cl,NiO, requires C, 31-35; H, 4-2; Cl, 46%). 

™ Chatt and Hart, Chem. and Ind., 1959, 1474. 


'? Maier and Powell, personal communication. 
Henn and Powell, personal communication. 








4386 Harris, Nyholm, and Phillips: The Ditertiary Arsine 


Monobromodi-(o-phenylenebisdimethylarsine)nickel(11) Perchlorate.—The procedure used for 
the chloro-perchlorate, but with lithium bromide (0-043 g.) in acetone (20 ml.) and [Ni- 
(Diarsine),)(ClO },,H,O (0-42 g.) in acetone (800 ml.), gave dark brown crystals (0-25 g.) (on 
evaporation to 100 ml.). The salé was washed with acetone and vacuum-dried (Found: c 
29-4; H, 3-95; Br, 9-8; Ni, 7-3. C.9H3,As,BrCINiO, requires C, 29-65; H, 4-0; Br, 9-9; Ni, 
725%). 

The Mixed Compound [Ni(Diarsine),][ClO,),,2[Ni(Diarsine),1]ClO,.—The salt [Ni(Diars- 
ine),][(ClO,4},,H,O (0-42 g.) in boiling acetone (800 ml.) was treated with sodium iodide (0-07 g,) 
in acetone (5 ml.); the deep purple solution was concentrated to 50 ml. and set aside for 12 hr. 
The resulting black crystals of complex were washed with acetone and dried in a vacuum (Found: 
C, 28:3; H, 3-8; I, 9-9. CgoHygAs,.Cl,I,Ni,0O,, requires C, 28-3; H, 3-8; I, 100%). The 
absorption spectrum of the compound in nitromethane was almost identical with that calculated 
from its constituent compounds. 

Mononitrodi-(o-phenylenebisdimethylarsine)nickel(1) Nitrite Nickel acetate tetrahydrate 
(0-2 g.) in aqueous alcohol (1: 1) was treated with the Diarsine (0-46 g.) in alcohol (20 ml.)._ The 
green solution became deep reddish-brown. To this solution was added sodium nitrite (5-0 g.) 
in water (10 ml.). After a few minutes brown crystals (0-3 g.) of the required compound were 
precipitated. These were filtered off, washed with water, and ether, and dried in vacuo (Found: 
C, 33-6; H, 4-85; N, 3-6. CC, 9H,,As,N,NiO, requires C, 33-2; H, 4-4; N, 3-9%). 

Mononitratodi-(o-phenylenebisdimethylarine)nickel(1) Nitrate-—Nickel nitrate hexahydrate 
(0-2 g.) in alcohol (10 ml.) was treated with the Diarsine (0-4 g.) in alcohol (10 ml.). A red 
colour developed at once and, after a few minutes’ heating on the water-bath, brown crystals 
(0-3 g.) appeared. This salt was washed with acetone and ether and dried in vacuo (Found: C, 
31-65; H, 4-3; N, 3-8. Cy9H3,As,N,NiO, requires C, 31-8; H, 4-2; N, 3°7%). 

Monochlorodi-(o-phenylenebisdimethylarsine)platinum(t1) Chloride.—Sodium chloroplatinite 
(1-35 g.) in water (50 ml.) was added to a hot solution of the Diarsine (1-72 g.) in 
alcohol (70 ml.) containing 10N-hydrochloric acid (7-5 ml.). The resulting pink suspension of 
[Pt(Diarsine),|[{PtCl,], when refluxed, gave way to a clear solution, and concentration gave 
colourless crystals (2-2 g.) of the chloride which was extracted with alcohol, reprecipitated with 
ether, and dried in vacuo (Found: C, 28-9; H, 4-3; Pt, 23-5. C,9H;,As,Cl,Pt requires C, 28-6; 
H, 3-8; Pt, 23-3%). The compound may be prepared also from [Pt(Diarsine),][ClO,) and 
lithium chloride in hot acetone, but contamination with lithium chloride may occur. 

Monobromodi-(o-phenylenebisdimethylarsine) platinum(i1) Bromide.—To Pt(Diarsine),Cl, (0-75 
g.), prepared as above, in water (20 ml.) was added a concentrated aqueous solution of 
potassium bromide, and the white precipitate (0-4 g.) was washed with 5N-hydrobromic acid, 
followed by acetone. The compound became yellow when washed with acetone, owing to 
dehydration. It was extracted with alcohol, the solution evaporated under reduced pressure, 
and the precipitated compound dried in vacuo (Found: C, 26-2; H, 3-2; Br, 16-9; Pt, 21-05. 
C.9H,,As,Br,Pt requires C, 25-95; H, 3-45; Br, 17-8; Pt, 21-1%). Preparation of the com- 
pound by treating a hot acetone solution of [Pt(Diarsine),}[ClO,], with lithium bromide in 
acetone is not recommended as an impure product is obtained. 

Monoiododi-(o-phenylenebisdimethylarsine) platinum(i1) Iodide.—Prepared as for the bromide, 
the iodide formed yellow crystals (Found: C, 24-0; H, 3-35; I, 24-5; Pt, 19-05. C, 9H,,As,I,Pt 
requires C, 23°55; H, 3-1; I, 24-9; Pt, 19-1%). 

Di-(o-phenylenebisdimethylarsine) platinum (11) Tetrachloroplatinate(11)—Sodium __ chloro- 
platinite (0-5 g.) in alcohol (20 ml.) was treated with Diarsine (0-32 g.) in alcohol (8 ml.) with 
vigorous stirring. The pink precipitate (0-52 g.) was filtered off and washed with water and 
alcohol (Found: C, 21-7; H, 3-25; Pt, 35-4. C. 9H ,As,Cl,Pt, requires C, 21-7; H, 2-9; Pt, 
35-4%). The compound is moderately soluble in warm dilute hydrochloric acid but insoluble 
in water and the usual organic solvents. 

Di-(o-phenylenebisdimethylarsine)platinum(t1) Diperchlorate—The compound  [Pt(Diars- 
ine),][PtCl,] (0-24 g.) was dissolved in 6N-hydrochloric acid (30 ml.), and the filtered solution 
treated with 73% perchloric acid (5 ml.). The white precipitated diperchlovate (0-12 g.) was 
filtered off and washed with water (Found: C, 24-85; H, 3-55; Pt, 20-25. C,.gH,,As,Cl,O,Pt 
requires C, 25-0; H, 3-3; Pt, 20-2%). 

Monochlorodi - (0 - phenylenebisdimethylarsine) platinum(t1) Perchlorate.—To [Pt(Diars- 
ine),][ClO,], (0-5 g.) in warm acetone (400 ml.) was added lithium chloride (0-022 g.) in acetone 
(10 ml.). The resulting yellow solution was‘concentrated to 100 ml. and set aside. The pale 
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yellow crystals of product (0-18 g.) which were formed were collected and washed with acetone 
(Found: C, 26-8; H, 4-0; Pt, 21-4. C, 9H;,0,As,Pt requires C, 26-6; H, 3-55; Pt, 21-6%). 

Monobromodi - (o- phenylenebisdimethylarsine) platinum(t1) Perchlorate.—To [Pt(Diars- 
ine),}[ClO,4], (0-5 g.) in warm acetone (600 ml.) was added lithium bromide (0-044 g.) in acetone 
(9 ml.). The yellow solution, concentrated to 100 ml. and set aside, yielded golden-yellow 
crystals of monoperchlorate (0-23 g.), which were filtered off and washed with acetone (Found: C, 
25-5; H, 3-75; Br, 8-65. C,9H,,As,BrClO,Pt requires C, 25-4; H, 3-4; Br, 8-4%). 

Monoiododi - (0 -phenylenebisdimethylarsine) platinum(t1) Perchlorate.—To [Pt(Diars- 
ine),][ClO,}, (0-5 g.) in warm acetone (500 ml.) was added lithium iodide (0-078 g.) in acetone 
(10 ml.). The yellow solution was concentrated to 80 ml. and set aside. The yellow crystalline 
complex (0-1 g.) was washed with acetone (Found: C, 24-3; H, 3-55; I, 12-5. Cy 9H3,As,ClIO,Pt 
requires C, 24-2; H, 3-2; I, 12-8%). 

Monoisothiocyanatodi-(o-phenylenebisdimethylarsine)platinum(t1) Isothiocyanate.—To [Pt(Di- 
arsine),|Cl, (0-7 g.) in water (25 ml.) was added excess of potassium thiocyanate in water. The 
white precipitate was filtered off and recrystallised from aqueous alcohol containing a little 
potassium thiocyanate. The product (0-57 g.) became yellow when washed with acetone, 
presumably owing to dehydration (Found: C, 29-7; H, 3-65; N, 3-1; Pt, 22-1. 
C..H3,As,N,PtS, requires C, 29-9; H, 3-6; N, 3-2; Pt, 22-1%). 

Di-(o-phenylenebisdimethylarsine)platinum(11) Dinitrate——To [Pt(Diarsine),|Cl, (0-28 g.) in 
water (10 ml.) was added sodium nitrate (0-8 g.) in water (4 ml.). The white crystalline 
dinitrate (0-2 g.) was washed with small amounts of water and alcohol (Found: C, 26-7; H, 4-2; 
Pt, 21-7. Cy9H3,As,N,O,Pt requires C, 26-95; H, 3-6; Pt, 21-9%). 

Dichlorodi-(o-phenylenebisdimethylarsine)platinum(1v) Diperchlorate——This compound was 
prepared by two different methods of oxidation of Pt(Diarsine),Cl,—by chlorine and by con- 
centrated nitric acid. Details of both are given since the latter has been used to obtain the 
corresponding quadrivalent iron and nickel complexes. 

(i) To Pt(Diarsine),Cl, (0-4 g.) was added a mixture of 15N-nitric acid (20 ml.) and 10n- 
hydrochloric acid (1-5 ml.). The yellow solution was filtered and treated with 72% perchloric 
acid (8 ml.) followed by water (130 ml.). The pale yellow product (0-4 g.) was filtered off and 
washed many times with water (Found: C, 23-0; H, 3-15; Pt, 18-75; N,0-0. C,9H,,As,Cl,O,Pt 
requires C, 23-2; H, 3-1; Pt, 18-8%). 

(ii) The compound Pt(Diarsine),Cl, (0-3 g.) was dissolved in water and treated with gaseous 
chlorine, the colour gradually becoming yellow. The solution was filtered and treated with 
72% perchloric acid (5 ml.), and the pale yellow precipitate (0-2 g.) filtered off (Found: C, 
23-5; H, 3-05%). 

Dibromodi-(o-phenylenebisdimethylarsine) platinum(1v) Diperchlorate.—This salt was prepared 
as in (i) for the corresponding chloride and obtained as yellow crystals (Found: C, 21-35; H, 
3-05; Pt, 17-5; N, 0-0. C, 9H,,As,Br,Cl,O,Pt requires C, 21-34; H, 2-84; Pt, 17-34; N, 0-0%). 

Di-iododi-(o-phenylenebisdimethylarsine)platinum(1v) diperchlorate was also prepared as 
for the corresponding bromide; it was deep red (Found: C, 20-1; H, 2-9; Pt, 16-15 
Cy9H,As,Cl,I,0,Pt requires C, 20-0; H, 2-6; Pt, 16-0%). 

Di-iododi-(o-phenylenebisdimethylarsine)platinum(tv) Dinitrate-—To Pt(Diarsine),I, (0-66 g.) 
was added 10n-nitric acid (30 ml.), and the resulting red solution was filtered. On addition of 
water (100 ml.) and shaking, deep red crystals (0-6 g.) were formed slowly. These were filtered 
off and washed with small quantities of water. When dried im vacuo this dinitrate became 
orange-red owing to loss of water of crystallisation (Found: C, 20-8; H, 3-0; Pt, 
17-05. Cy 9H,,As,I,N,0O,Pt requires C, 21:0; H, 2-8; Pt, 17-05%). On exposure to the 
atmosphere the dried complex quickly absorbed water, becoming deep red and forming the 
trihydrate as shown by the intrease in weight (4-9%). 

Dichlorodi-(o-phenylenebisdimethylarsine) palladium(tv) Diperchlorate.—This salt was prepared 
by the above two methods but oxidation by nitric acid gives the purer product (Found: C, 25-3; 
H, 3:95; Pd, 11-5. Cy oH3,As,Cl,O,Pd requires C, 25-35; H, 3:4; Pd, 11-3%). The orange 
compound decomposes fairly rapidly in aqueous solution. 

Dibromodi-(o-phenylenebisdimethylarsine)palladium(tv) diperchlorate, prepared as for the 
corresponding platinum(1v) compound by use of nitric acid, was obtained as red crystals (Found: 
C, 23-05; H, 3-6; Pd, 10-4. C.9H;,Br,Cl,O,Pd requires C, 23-2; Pt, 3-1; Pd, 10-3%). 

Di-(o-phenylenebisdimethylarsine) platinum(tv) Tetraiodide.—A solution of the nitrate [Pt(Di- 
arsine) ,I,][NO,], (0-4 g.) in warm water (250 ml.) was filtered and treated with saturated sodium 
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iodide solution (3 ml.), to yield a greenish-black precipitate of iodide (0-4 g.) which was washed 
with water (Found: C, 18-7; H, 2-6; Pt, 15-0. C,. 9H,,As,1,Pt requires C, 18-8; H, 2-5; Pt, 
15-3%). 

Magnetic Susceptibility Measurements.—These were carried out by the Gouy method at 20°; 
figures are not quoted since all compounds described are diamagnetic. 

Analyses.—All elements were determined as previously described.»* Platinum was deter- 
mined by ignition. Conductivity and spectrophotometric measurements were carried out as in 
the earlier work on bivalent palladium.! 
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851. The Effectiveness of Bronsted—Lewis Acid Combinations under 
Friedel-Crafts Conditions, investigated by Hydrogen Isotope Exchange. 


By D. P. N. SATCHELL. 


Experiments are reported on the rate of hydrogen exchange between 
toluene, containing dissolved stannic chloride, and various Bronsted acids. 
Exchange rates for different acids, at the same stannic chloride concen- 
tration, are in the order HCl > H,O > AcOH >CF,’°CO,H. Thus the 
reaction rate is not simply related to the conventional strength of the 
Bronsted acid. Rather, it is considered to be determined by the extent to 
which stannic chloride and Bronsted acid can form an ionic complex, and by 
the number, and nature, of the species available to solvate this complex. These 
factors are discussed, together with other details of the reactions, for which 
mechanisms are proposed. 

A simple and convenient preparation of tritium-labelled hydrogen chloride 
is described. 


HYDROGEN isotope exchange involving acids is a process which, of necessity, includes the 
transfer of protons. The study of hydrogen exchange reactions is therefore one way of 
throwing light on the protonating powers of different acidic solvents. Since the nature 
of the acidic properties possessed by the dual-acid systems * which are frequently used in 
Friedel-Crafts reactions and in cationic polymerisations is still imperfectly understood, 
a study of the hydrogen exchange occurring under similar conditions seemed attractive: 
any information gained about the mechanism must also increase knowledge of the nature 
of the acidic species. 

Few reports exist concerning hydrogen exchange under the influence of dual-acids in 
otherwise aprotic (i.e., typical Friedel-Crafts) conditions. There have been three previous 
studies.'_ The first two 1° show that the presence of aluminium chloride facilitates the 
exchange between hydrogen chloride and benzene. The third ' indicates that the rate of 
exchange between toluene and dissolved stannic chloride—hydrogen chloride mixtures is 
of the first order in each component. The results are few and the authors do not speculate 
about the mechanism, though they give evidence for some complex formation between the 
solvent (toluene) and the Lewis acid. The nature of the complex is not detectably affected 
by the addition of hydrogen chloride. 

The type of system chosen by these previous workers, in which the compound 
exchanging hydrogen with the acid components acts also as the solvent, so that no further 
diluent species is present, is the simplest devisable, and therefore also the most suitable for 


* Lewis acid together with some Bronsted acid co-catalyst. 


? (a) Kenner, Polanyi, and Szego, Nature, 1935, 185, 267; (b) Klit and Langseth, Z. phys. Chem., 
1936, A, 176, 65; (c) Comyns, Howald, and Willard, J. Amer. Chem. Soc., 1956, 78, 3989. 
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jnitial study. We decided, in consequence, to study first the toluene-stannic chloride— 
hydrogen chloride system in greater detail, and then to proceed to systematic variations of 
the hydrocarbon, the Lewis acid, and the Brgnsted acid component. Some variations of 
the Bronsted acid are reported below. Because water also can act as a co-catalyst,? the 
experiments were performed with carefully dried reagents in a dry atmosphere. 


EXPERIMENTAL 


Materials.—‘‘ AnalaR ’”’ toluene was refluxed over calcium hydride for several hours and 
then distilled. Commercial stannic chloride was fractionally distilled, in a nitrogen atmosphere, 
at reduced pressure. Gaseous protium chloride was prepared by addition of the concentrated 
aqueous acid to concentrated sulphuric acid and washed with the latter. Tritium chloride was 
prepared by bubbling dry protium chloride through two successive 1 ml. portions of concen- 
trated (ca. 98% by weight) sulphuric acid rich in tritium. Tests showed that for a moderate 
bubbling rate, through fine jets, exchange equilibrium between the gas and sulphuric acid was 
at least 50% attained. The method is simple and can be used to prepare dry hydrogen chloride 
samples with a wide range of activities. Pure tritium chloride cannot, of course, be prepared 
inthisway. Tritiated sulphuric acid was prepared by addition of a calculated quantity of tritiated 
water to solid sulphur trioxide at 0°. The sulphur trioxide was distilled from oleum into a 
tared flask, forming part of an all-glass apparatus. Tritiated water was supplied by the Atomic 
Energy Authority, in ampoules of 1 ml., with a nominal activity of 0-2 curie/ml. Anhydrous 
acetic acid was prepared by adding the calculated quantity of acetyl chloride to pure, almost 
anhydrous, acid of known (Karl Fischer) water content. The reaction between acetyl chloride 
and water in acetic acid at room temperature is fast, and of known rate. After an appropriate 
interval an excess of dry silver acetate was added to remove chloride. The mixture was then 
refluxed and finally the anhydrous acid, b. p. 118°, was distilled off. This method is quick and 
convenient; that involving the addition of acetic anhydride, followed by a period of heating, 
is inferior because in the present state of knowledge the period of heating must be somewhat 
arbitrary. [carboxy-*H]Acetic acid was prepared by the addition of the calculated quantity 
of active water to acetic anhydride containing dissolved hydrogen chloride. After a suitable 
interval * an excess of silver acetate was added to remove chloride. A short period under total 
reflux was followed by distillation, the dry acid boiling at 118°. To show‘ that no tritium 
found its way into the methyl group during the preparation, a sample of the active product was 
added to water and just neutralised, and the silver salt precipitated with silver nitrate. The 
solid was filtered off, washed with water, dried, and suspended in toluene. Gaseous hydrogen 
chloride was then passed through the toluene suspension for about 15 min. Considerable, 
though not quantitative, conversion into free acetic acid, occurs during this process. The 
resulting suspension was filtered, and an aliquot part taken for counting. Assay showed that 
the methyl group contained a negligible amount of tritium. 

Trifluoroacetic acid, b. p. 71°, was the product from fractional distillation of a sample 
containing added anhydride. Tritium-labelled acid was prepared by the controlled addition 
of active water to a slight excess of trifluoroacetic anhydride, followed by fractional distillation. 
The acetyl chloride and the acetic and the trifluoroacetic anhydrides were all redistilled samples. 

All the products were stored in an anhydrous atmosphere (see below). 

General Experimental Arrangements.—Most of the operations during which the absence of 
moisture was desirable, were carried out in a large, two-compartment dry-box. The various 
solutions were prepared in one compartment, and the thermostating devices, in which the 
reaction flasks were placed, were in the other compartment, where sampling was also carried 
out. The compartments were not directly connected, and by this separation of the operations 
it was hoped to keep radioactive contamination to a minimum. The box as a whole was 
occasionally flushed with dry nitrogen, the effluent gas being bubbled through water. Negligible 
activity was detected in this water. The 25° thermostat comprised a beaker containing 
paraffin oil and a hollow copper coil through which water was pumped from an external bath. 
The paraffin was thereby maintained at 25° + 0-1°. For a few experiments a small lagged 


* Evans and Lewis, J., 1957, 2975. 

* Satchell, J., 1960, 1752. 

* Butler and Gold, unpublished work. 

® Jeffery and Satchell, unpublished work. 
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beaker of paraffin oil was maintained at 50° + 0-5° by an electrical heating coil, controlled by 
an external Variac. In the experiments at 50° some of the reaction mixture escaped from the 
reaction vessels in spite of the ground-glass stoppers (see below), so little work was done at 
this temperature. The reagents for making up reaction mixtures were stored permanently in 
the dry-box. For the experiments with hydrogen chloride the reagents included stock solutions 
of protium and tritium chloride in dry toluene, these being prepared externally by bubbling the 
gas through the solvent under anhydrous conditions, with minimum exposure of the resulting 
solution to the atmosphere. The acid content of these solutions was found by thoroughly 
extracting a portion with water and titrating the combined extracts for chloride. The analyses 
were repeated from time to time, hydrogen chloride being little soluble in toluene and liable 
to escape. 

The reaction vessels were thick-walled Pyrex test-tubes, of approximately 10-5 ml. capacity, 
fitted with ground-glass stoppers. The tubes were filled with the appropriate volumes of the 
various reagents inside the box. The total volume of a reaction mixture was kept close to 10 
ml., so that the volume left between the liquid surface and the stopper was small. This proce- 
dure helped to ensure that in the experiments with hydrogen chloride most of this gas was in 
the liquid phase. The filled tubes were transferred to the thermostat and allowed to reach 
bath-temperature; then an initial sample was taken for assay, followed by others at appropriate 
intervals. 

Sampling and Counting Procedure.—In all experiments the Bronsted acid component carried 
the tritium initially, and this species was usually kept in at least a 60—70-fold deficit compared 
with the number of exchanging sites in the solvent. Hence the activity in the acid fell event- 
ually to a low level. To assay the tritium remaining in the acid, at various times, use was 
made of the fact that acidic hydrogen atoms are very rapidly exchangeable with those of water, 
whereas those in toluene are only very slowly exchangeable.?’ In practice a small volume 
(0-1 ml.) of reaction mixture was pipetted into a stoppered tube, containing 5 ml. of ‘‘ AnalaR” 
toluene and 1 ml. of water. The tube was shaken vigorously for a few minutes. This process 
both arrests the exchange being studied and removes all the rapidly exchangeable tritium from 
the toluene layer to the aqueous layer, the exchanging*hydrogen atoms in the water being in 
great excess. During the shaking, besides the tritium, some, if not all, of the Bronsted and the 
Lewis acid components from the sample would also be transferred to the aqueous phase. The 
sample was therefore kept small enough to avoid quenching complications which could arise 
from such a source, and small also to avoid materially increasing the space above the liquid 
in the reaction vessel. 

After the layers had been allowed to separate, a portion (usually 0-5 ml.) of the (lower) 
aqueous layer was pipetted off for counting, care being taken not to contaminate the inside of 
the pipette with the toluene layer, the outside being wiped finally with absorbent tissue. (In 
fact, a small amount of contamination would not be important since the sample had in any case 
been 50-fold diluted in the toluene layer.) The counting was by a scintillation technique, the 
water sample being added to 20 ml. of a (50: 50 vol.%) toluene—alcohol mixture containing 
1-5 g. of PPO perl. The Ekco N612 scintillation unit and N630F scaler had a tritium efficiency 
of ca. 5%, and activity levels were arranged to give initial counts of 500—1000 per sec. There 
were no complications due to quenching, and duplicate sampling showed an overall 
reproducibility of +6%. 

Rate constants were calculated from the usual first-order law for tritium exchange.? Good 
plots were obtained in all cases (except where mentioned below). The constants were 
reproducible to +8%. 

Experiments with Water Present.—A few experiments were carried out with water as the 
Bronsted acid component, both alone and in conjunction with hydrogen chloride. For these 
experiments a stock solution of active water in toluene was prepared, with the known solubility 
of water in toluene * in mind. The first-order plots obtained were not linear. The results are 
discussed below. 

Ultraviolet Spectra.—These were taken with a Beckman spectrophotometer and 1 cm. path 
quartz cells, fitted with ground stoppers. The cells were filled in the dry-box. The spectro- 
photometer cell compartment was controlled (thermostat) at 25°. 

® Gold and Satchell, J., 1956, 2743. 


7 Gold and Satchell, Quart. Rev., 1955, 9, 51. 
§ Tarassenkow and Poloshinzewa, Zhur. obshchei Khim., 1931, 1, 71; Ber., 1932, 65 184. 
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RESULTS AND DISCUSSION 


Hydrogen Chloride-Stannic Chloride-Toluene System.—The exchange rate was deter- 
mined for various hydrogen chloride concentrations between 0-038 and 0-375m and for 
stannic chloride concentrations between 0-042 and 0-332m. There is no detectable exchange 
over long periods in the absence of stannic chloride.’ The results are given in Table 1. Fig. 1 
shows a typical first-order plot. All the experiments for this system were at 25°. It will 
be seen that at fixed hydrogen chloride concentration the first-order exchange rate constant 


TABLE 1. Exchange in hydrogen chloride—stannic chloride—toluene at 25°. 


A = observed first-order exchange rate constant; square brackets represent molarity. 


[HICH]  ...cccccececeee 0-038 0-075 00-1125 0-188 0-375 0-375 0-375 0-375 0-188 
[SACI ,] ....ccccccccece 0-166 0-166 0-166 0-166 0-166 0-332 0-083 0-042 0-322 
10°A (sec.*).....000. 38 41 44 48 66 130 34 17 91 


is closely proportional to the stannic chloride concentration, but at fixed stannic chloride 
concentration it is rather little affected by the total concentration of hydrogen chloride. 
In fact the rate only increases by a factor of 1-7 for a ten-fold increase in hydrogen chloride 
concentration, and a change of this magnitude can probably be attributed to a salt effect 
in a medium of such low dielectric constant.2 The behaviour observed would be expected 


o8 
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for a reaction of first-order in both stannic chloride and tritium chloride; for the first-order 
exchange rate (at any given stannic chloride concentration) would, of course, not depend 
on the quantity of tritium chloride present, and an increase in the total hydrogen chloride 
concentration, at constant tritium chloride concentration, would not increase the number 
of tritium chloride—toluene collisions and so would have no direct effect on the rate. If, 
however, the exchange mechanism involved two hydrogen chloride molecules (only one 
of which need carry tritium), then the rate would be expected to depend on the total 
hydrogen chloride concentration because the number of effective collisions would then be 
related to the square of this quantity. The absence of dependence on total hydrogen 
chloride is therefore good evidence that only one molecule is required. As noted by 
Comyns, Howald, and Willard,’ when stannic chloride is added to toluene the solution 
becomes pale yellow and the ultraviolet and visible spectra reveal increased absorption 
below 4300 A though no new peak is observed. Since both toluene and stannic chloride 
absorb negligibly above 3100 A, the effect is presumably due to complex formation between 
them. The intensity of absorption at 3800 A (a convenient, arbitrary wavelength) is 
closely proportional to the stoicheiometric stannic chloride (Table 2). This is expected 
whatever the position of the equilibrium producing the complex, for the toluene is 
in great excess. The spectra are not detectably affected by the addition of hydrogen 
chloride. 
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TABLE 2. Intensity of absorption of solutions of stannic chloride in toluene at 25°. 


(a) Stannic chloride alone. 


SEE .2satObiscocscascotacsne cooks 0-054 0-108 0-216 0-270 0-432 

log (J,/Z) at 3800 A ............ 0-230 0-461 0-915 1-10 1-83 

log (1,/Z) at 4200 A ............ 0-040 0-079 0-158 0-192 0-318 
(b) 0-270m-Stannic chloride with added acetic acid. 

SIEIEEE «aushakscanniecithenticeasen 0-0 0-30 0-53 0-80 1-37 
log (J,/1) at 3800 A ............ 1-10 0-69 0-44 0-245 0-106 
(c) 0-270mM-Stannic chloride with added trifluoroacetic acid. 
aa 0-0 0-22 0-65 1-10 
log (J,/Z) at 3800 A ............ 1-10 1-06 0-94 0-84 


In the light of the foregoing, the following mechanism is suggested: 


SnCly + ArH —q—ArHSnCl, «. « (I) Fast. 
Equilibrium constant = K, 


k, k, 
ArHSnCl, + TC = ArHTtSnCl,— —> ArTSnCl, + HCI (2) Slow 
ArTSnCl, —— ArT + SnCl, . «~ (3) Fast 


The position of the pre-equilibrium (1) is not decided by the data now available. Since 
the second step is slow this mechanism accounts for the observed orders: 


Rate = Kkgks/(k.¢ + kg)[ArH][SnCl,][TCl] 
= k{SnCl,][TCl} 


The ion-pair intermediate ArHT* SnCl,~ will be present in low concentration. In view 
of previous results ® for the zinc chloride—hydrogen chloride—acetic acid system, there may 
perhaps be a further, partly ionised, form of this intermediate, with the aromatic molecule 


8+ 8— 
solvating an incipient proton, thus ArHT SnCl,;. Such a species easily fits in the above 
scheme. ; 

The observed participation of only a single Brgnsted acid molecule in complex formation 
with the Lewis acid, for the hydrogen exchange, agrees with the findings by Evans and 
Lewis ™ for a related system, namely, dimerisation of diphenylethylene in benzene catalysed 
by stannic chloride—hydrogen chloride. These authors do not comment on the possibility 
of complex formation between stannic chloride and the solvent. For the protonation of 
the ethylene they suggest either a termolecular process between it, hydrogen chloride, and 
stannic chloride or a bimolecular step involving the ethylene and HSnCl, formed in a 
pre-equilibrium. In the light of the present results for toluene the latter alternative 
seems correct, HSnCl, being present in small concentration, stabilised by solvation by 
benzene. 

TABLE 3. Exchange rates in the presence of water at 25°. 


A calculated for initial rates. 


[SnCl,] [H,O} (HCI 10®\ (sec.~') 

0-166 0-018 — 27 (average of 3 results) 
0-166 0-016 0-03 20 

0-166 0-015 0-04 26 


To make certain that measurable effects due to water had been excluded, some experi- 
ments were performed in which water was deliberately added. In the absence of hydrogen 
chloride, stannic chloride and water do, in fact, produce exchange, though the plots here 
obtained have not been linear, the reaction slowing up with time. The initial rate was less 
than that found for the same concentration of hydrogen chloride. Addition of water to a 
hydrogen chloride run decreased the exchange rate. The results are in Table 3. In view 
of these findings (particularly the non-linear plots) and since the hydrogen chloride exchange 
rates were reproducible with different samples of reagents, and on different occasions, it is 


* Bethell, Gold, and Satchell, J., 1958, 1918. 
” Evans and Lewis, J., 1959, 1946. ' 
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concluded that effects due to the presence of water are certainly not dominant (if present 
at all) in the data of Table 1. 


TABLE 4. Exchange in the system acetic acid—stannic chloride-toluene at 25°. 


}® ree 0-19 0-37 0-73 0-37 0-37 0-37 0-37 0-19 
Cae 0-216 0-216 0-216 0-108 0-216 0-430 0-860 1-8 
10°A (sec."*) —....... 1-7 3-7 7-4 3-5 3-7 3-9 4-2 0-38 


We comment below on the fact that the initial exchange rate for catalysis by water is 
not so very different from that for catalysis by hydrogen chloride in spite of the widely 
differing acidities. It is not yet known why plots were not linear for the water reaction, 
though it is possible that the stannic chloride-water complex is little soluble in toluene, 
and tends to come out of solution. 

Acetic Acid-Stannic Chloride-Toluene System.—Exchange rates were measured for 
0:108—1-8m-acetic acid and 0-19—0-73m stannic chloride. The rate constants obtained 
at 25° are in Table 4. Fig. 1 shows a typical first-order plot. The measured first-order 
rate is reasonably proportional to stoicheiometric stannic chloride concentration, and 
largely independent of total acetic acid concentration over a considerable range, increasing 
very slightly, though eventually falling with large further addition of acetic acid. These 
results are best considered together with those obtained from absorption spectra. 

When acetic acid is added to a stannic chloride solution in toluene, the absorption at 
3800 A is reduced, falling eventually to a very low value (Table 2). Since (see p. 4391) the 
optical density is proportional to total “ free ”’ (1.e., SnCl, and ArHSnCl,) stannic chloride, 
the observed reductions in log (J,/Z) can be used to calculate the quantity of stannic 
chloride removed by the added acetic acid. At the lowest concentrations studied here, 
one stannic chloride molecule appears to require three acetic acid molecules, and this 
number does not rise appreciably until most of the stannic chloride has been removed, 
whereafter the average number of acetic acid molecules needed to secure one stannic 
chloride molecule begins to increase. Thus, so far as the kinetic results in Table 4 are 
concerned (apart from the value for 1-8M-acetic acid) the added acetic acid will probably 
exist largely as SnCl,(AcOH);, perhaps partly as Cy (¢.e., [HSnCl,(OAc),|-[AcOH,]*). 
There is, in fact, independent evidence for ready complex formation between acetic acid 
and stannic chloride, and for the existence of the above species.!! It is now required to 
devise an exchange mechanism involving this species which demands the approximate 
first-order dependence on stoicheiometric stannic chloride, and also a zero-order dependence 
on total acetic acid at low concentrations and a negative order at high concentrations. 
It is difficult to explain the order in stannic chloride convincingly, but the mechanism 
given below (which is similar to one devised by Evans and Lewis ? for a system involving 
catalysis by stannic chloride and water) is credible: 


SnCl, + ArH === ArHSnCl, Fast 
SnCl, + AcOT + 2AcOH —— [HSnCI,(OAc).] [HTOAc]! (= Cy) Fast 
6+5— 
ArHSnCl, ArH HSnCl,OAc 
ArH + Cr + < SnCl, == ArHTt+HSnCl,(OAc)_~ + <4 HSnCl,OAc Slow 
Cu CyAcOH 


ArHSnCl, 
—> ArT + [HSnCl,(OAc)g]-[AcOH,]* + 4 SnCl, 


(= Cy) Cr 


The three species joined by the braces ({) comprise the stoicheiometric stannic chloride 

concentration, and if their efficiency for accepting an acetic acid molecule is roughly the 

same, then the first-order dependence on total stannic chloride is explained. These 

species will certainly all accept acetic acid, though the complex Cg would be expected to 

do so less readily than the other two. However, this species is in deficit compared with free 

stannic chloride at all except the highest concentrations of acetic acid, and there the 
M4 Satchell, J., 1958, 3910. 
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changes in dielectric constant may have some compensating effect. At the lower acetic 
acid concentrations this compound will exist largely as SnCl,(AcOH), and hence a zero- 
order dependence on total acetic acid is to be expected for the tritium exchange rate (a 
similar argument to that outlined for the hydrogen chloride reaction applies, see p. 4391), 
When additional acetic acid is present beyond that necessary to produce SnCl,(AcOH), a 
fall in exchange rate is to be expected for at least two reasons. First, the additional acid 
will provide sites for tritium without increasing the number of effective collisions. Hence 
the observed exchange rate constant will fall. Secondly, when more than three acetic 
acid molecules are available for each stannic chloride molecule, then the species 
SnCl,(AcOH), will be further stabilised by effective solvation, and will therefore have less 
tendency to transfer a proton to an aromatic molecule. The more effective the solvation 
the less the tendency will be. If the above mechanism is correct, then, even when only 
three molecules are present per molecule of stannic chloride, the transfer appears to require 
an additional species to accept the acetic acid molecule that is being freed. 

It follows that when sufficient acetic acid is present the exchange rate constant should 
fall, and the observed rate for 0-19M-stannic chloride in the presence of 1-8M-acetic acid 
shows that this happens. This particular constant is not very accurate, but its value does 
imply that the second, as well as the first, of the above-mentioned effects is operating. 
That this should be so can also be concluded from a comparison of the exchange rate in 
the present system with that found for the much more reactive compound anisole in pure 
acetic acid, at the same stannic chloride concentration.® > 

Other predictions based on the proposed mechanism can be devised, but the present 
system is somewhat unfavourable for further tests. 

Table 5 contains data on the exchange rates, at the same stannic chloride concentration, 
brought about by acetic acid, water, and hydrogen chloride. The water reaction probably 
has a mechanism analogous to that obtaining for acetic acid. Evans and Lewis find that, 
for dimerisation of diphenylethylene in benzene, the system is well behaved (as previously 
mentioned, the present system gives non-linear plots) and they conclude that SnCl,,2H,0 
is the active acidic species, excess of water producing a decrease in catalytic power, as does 
an excess of acetic acid in the present exchange. They also found a first-order dependence 
on total stannic chloride, and suggest a mechanism of the type given above in which the 
species SnC], and SnCl,,2H,O are assumed to provide equally effective solvation for an 
ion-pair complex between acid and ethylene. As noted previously, Evans and Lewis ¥ 
also studied the dimerisation in hydrogen chloride-stannic chloride—benzene. A com- 
parison of the rates, while not very meaningful in view of the differences in mechanism, 
shows the rate in the hydrogen chloride system to be about 3-3-fold faster at 30°. A 
similar comparison for the exchange reaction, at 25°, gives a factor of 1-6 (Table 5). The 
similarity between the ratios lends a little support to the assumption that the quoted rates 
for the water exchange have meaning. If they have, then since the acetic acid exchange 
is about 17-fold slower, at the same stannic chloride concentration, than the rate for water, 
we reach the tentative and curious conclusion that water is a more powerful co-catalyst 
than acetic acid. 


TABLE 5. Comparison * of rate constants at 0-166M-stannic chloride at 25°. 


Bronsted acid...............ss0+«. HCl H,O AcOH CF,°CO,H 
FA, eee es 44 27 1-6 v. small 


* Comparisons are at arbitrary, low acid concentrations, the rate being slightly dependent on this 
concentration. 


The more general conclusion from the foregoing results is that the ability of a dual-acid 
system to transfer protons to a particular base is not simply related to the conventional 
acid strength of the Bronsted component. It appears rather to be determined by a 


12 Satchell, J., 1956, 3911. 
138 Cf. Plesch, Sci. Proc. Roy. Dublin Soc., 1950, 25, 154. 
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number of factors related (a) to the ability of the co-catalyst to form a complex with the 
Lewis acid, and (b) to the various opportunities for solvation of the very acidic protons so 
produced, these two phenomena being, in addition, interdependent. 

Trifluoroacetic Acid—Stannic Chloride-Toluene System.—In view of the considerations 
noted above, the results obtained with trifluoroacetic acid are especially interesting. 
There is evidence ' that neither di- nor tri-chloroacetic acid forms complexes with stannic 
chloride. This may be attributed either to the drain on the electrons of the carboxylic 
oxygen atoms due to the chlorine substituents, or to the lack of suitable species to accept 
a proton (another aspect of the same phenomenon) or to both. Similar effects would be 
expected for trifluoroacetic acid. If the first reason were important, and no complex were 
possible, then little exchange would be expected between toluene and this acid, in the 
presence of stannic chloride. In fact, with trifluoroacetic acid as the Bronsted component 
very little exchange is obtained at 25°, or at 50°, over a period of some days. It was 
therefore surprising to find that the addition of trifluoroacetic acid to a solution of stannic 
chloride in toluene reduces the absorption at 3800 A. The effect is less marked than for 
acetic acid (Table 2) but it seems that some form of interaction between trifluoroacetic 
acid and stannic chloride must take place, which reduces the tendency of the latter to form 
acomplex with the solvent but nevertheless does not lead to a dual-acid capable of initiating 
exchange. It is perhaps the demand of the exchange process for the existence of a fully 
ionised form for the complex acid (e.g., ArH,*SnCl;~) which in the present case cannot 
be met. 

It will be interesting to learn the effect of trifluoroacetic acid as a co-catalyst for stannic 
chloride in a Friedel-Crafts reaction or in cationic polymerisation. 


The author thanks Dr. I. R. Beattie for advice on dry-box technique. 
KinG’s COLLEGE, STRAND, 

Lonpon, W.C.2. [Received, April 12th, 1960.} 
14 Usanovitch and Sumarokova, J. Gen. Chem. (U.S.S.R.), 1951, 21, 1079. 


852. Studies in Relation to Biosynthesis. Part XXIII The 
Formation of Aromatic Compounds from 8-Polyketones. 


By A. J. Brrcu, D. W. CAMERON, and R. W. RICKARDs. 


Intermolecular condensation of heptane-2,4,6-trione leads successively to 
compounds (II), (III), and (IV). 8-Phenyloct-7-ene-2,4,6-trione (XI; R= 
H) and its dihydro-derivative (XVI) have been synthesised. The latter can 
be cyclised to dihydropinosylvin (XVII). 


LINEAR $-polyketones and analogous compounds, although not extensively investigated, 
have been shown to undergo condensation to more complex structures, some of which are 
related in type to substances found in Nature. The ease of some of these reactions led 
Collie? in 1907 to suggest that such compounds might be intermediates in some 
biosynthetic processes, and might be derived from acetic acid. Collie’s views appear to 
have been ignored until the-hypothesis was re-stated * on different grounds in 1953, since 
when the origins of a number of natural products from acetic acid units (presumably acetyl 
coenzyme-A) have been demonstrated by isotopic experiments. No information is yet 
available to show whether $-polyketones are in fact intermediates. The hypothesis is 
attractive, however, and in order to assist eventual biochemical studies we have examined 
some aspects of the chemistry of such compounds. 

1 Part XXII, Birch and Kocor, J., 1960, 866. 

* Collie, J., 1907, 91, 1806. 


§ Birch and Donovan, Austral. J. Chem., 1953, 6, 360. 
‘ See earlier papers in this series. 
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Two molecules of heptane-2,4,6-trione (I written in triketo-form for convenience) 
condense under weakly alkaline conditions*® to form a yellow compound C,,H,,0,, 
assigned ® the structure (IV) without the rigorous proof which has since been provided § 
In addition to the naphthalene (IV), Collie »® obtained a substance (A), C,4H 04, m. p. 


137—138°, readily converted into compound (IV) by heat or by acid or alkaline conditions; ° 


for this he provisionally suggested structure (V). This formula we considered a Priori to 
be unlikely because it involved reaction of a carbonyl group with the anion from —COMe in 
preference to the more readily formed anion from ~CO-CH,°CO-. Later,’ he and Wilsmore 
obtained by a slightly modified procedure another similar substance (B), C,4Hy.0,, m. p. 
108—109°, also readily convertible into compound (IV). Collie appears not to have 
distinguished clearly between (A) and (B) and in Beilstein’s “ Handbuch ” ® they are 
treated as identical. The action of ammonia on compound (B) gave a substance, 
C,,H,,;0,N, which was formulated as (VI). 


HO 
Me-CO-CH,-CO-CH,*CO-Me repeoes= a Me Me 
H : —_— > —» 
Me-CO-CH,CO-CH,:CO-Me Me-CO CO-Me CO-Me 


OH 6 OH 
(1) (11) (111) 
° “ 
Me CH,-CO-Me Me : Syme - Me Me Me 
CO-CH,-CO:Me ZN CO-Me 
OH HO CH,-CO-Me © © OH HO OH _ 
(V) (VI) (VI) (IV) 
HO, -CH,-CO-R [0] S 
Za 1 é 
° Ny co-Me Me: CO-CH,:CO-Me 
(VIII) (LX) (H] (X) 


The substances (A) and (B) were prepared by Collie’s procedures from the barium salt 
of heptane-2,4,6-trione, the former by using just sufficient hydrochloric acid to dissolve the 
salt (resulting pH 7—8), the latter by dissolving it in aqueous acetic acid (resulting pH 6). 
They were found not to be identical. Examination of spectra led to the conclusion that 
compound (A) has structure (III) and that (B) has structure (II). 

The ultraviolet spectra of the two compounds are similar: (A) Amax, 242, 264, and 
336 my (log ¢ 4-22, 4-04, and 3-71); (B) Amax. 238-5, 264;,9,, and 338 my (log ¢ 4-18, 3-93, and 
3-58). These values are compatible with the structure of substituted diacylphenols ® in 
which steric hindrance to conjugation ® has lowered considerably the intensity of the 
maxima, and also the wavelengths. The infrared spectra (in Nujol) are quite distinct: 
(A) Vmax. 3479 (free OH), 1691 (aromatic C=O), and 1624 cm. (H-bonded aromatic C=O or 
aromatic C=C); (B) no maximum above 3000 cm. (no free OH), 1706 (aliphatic C=O), 
1675 (aromatic C=O), and 1619 cm.+ (H-bonded aromatic C=O or aromatic C=C). 
Substance (A) (III) was less stable than (B) (II) and was converted into the naphthalene 
(IV) even by prolonged heating during recrystallisation. Natural compounds containing 
similar hydroxycyclohexenone structures, ¢.g., (VII) 4 and (VIII; R-CO = oleoyl),™ are 
readily aromatised by dehydration. 

5 Collie, J., 1893, 68, 122, 329. 

* Dr. P. Maitland, personal communication. 

7 Collie and Wilsmore, J., 1896, 69, 293. 

® Beilstein, ‘‘ Handbuch der Organischen Chemie,” Vol. I, p. 810. 

* Burawoy and Chamberlain, J., 1952, 2314. 

10 Braude and Sondheimer, ]., 1955, 3754. 


1! Shibata, Murakami, and Kitazawa, Proc. Japan Acad., 1956, 32, 356. 
"2 Dalton and Lamberton, Austral. J. Chem, 1958, 11, 46. 
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Compounds (II) and (III) both reacted with ammonia, to give the same substance, 
CyH,s0.N, described by Collie. The absence of infrared carbonyl absorption above 
1625 cm.* makes Collie’s formula (VI) extremely unlikely, and the substance is probably 
the isoquinoline (IX). 

It is notable that the use of the sodium salt of heptane-2,4,6-trione gave only traces of 
compound (IV) instead of the 30% yield obtained from the barium salt. Collie and 
Wilsmore * observed that the barium salt, Ba[Ba(C,;H,O,),], could be neutralised and 
dissolved by the addition of acid equivalent to only one atom of barium. The remaining 
atom probably covalently binds the bistrione complex and facilitates intermolecular 
condensation. 

Chimaphilline #8 (X) from Ericaceae species is an example of a natural product which 
could arise by intermolecular condensation of this type between 6-polyketones or polyketo- 
acids, although other biosynthetic routes can be visualised. 


aie OH 
“S\CO-Me 
PhCH=CH-CO-CH,*CO-CH,-CO-CH,R — Ph:CH=CH mel! : 
Oo . 
< (XI) “ (XII) OH (XIIT) 
~ aagreerge O} 
Me\ .70 Ph*CH=CH Me 
(XIV) o (XV) 
OH Me 
prc chi) <— Ph-CH,-CH;:CO-CH,-CO-CH,-CO-Me —> mc-< You 
(X VII) OH (X VI) HO (XVIIT) 


It was suggested * that the flavonoid constituents of pines could be correlated with the 
pinosylvin (XII) derivatives on the basis of a common origin from cinnamic acid and 
three acetate units through the intermediate (XI; R= CO,H). Biogenetic consider- 
ations have aided considerably the synthesis of alkaloids, and their application to the 
synthesis of natural phenolic compounds is of interest. Collie 5 had observed the formation 
of orcinol, in poor yield, by intramolecular aldol cyclisation under strongly alkaline 
conditions of heptane-2,4,6-trione (I), and of the related 2,6-dimethyl-4-pyrone or dehydro- 
acetic acid (XIII). We have synthesised 8-phenyloct-7-ene-2,4,6-trione (XI; R = H) 
which on cyclisation might be expected to yield pinosylvin itself. Condensation of 
benzaldehyde with dehydroacetic acid (XIII) in the presence of a Knoevenagel catalyst 
gave the benzylidene derivative (XIV) described also by Wiley e¢ al.4 This was hydrolysed 
and decarboxylated by acid to the pyrone (XV) which yielded the crystalline trione (XI; 
R = H) by way of its barium salt. However, paper chromatography ™ of the reaction 
mixtures obtained by treating this trione (XI; R = H) and compounds (XV) and (XIV) 
under a variety of alkaline conditions gave no indication of production of pinosylvin. 

A closer analogy to Collie’s conversion of the heptanetrione (I) into orcinol would be 
the cylisation of the trione (XVI) into dihydropinosylvin (XVII), of equal biosynthetic 
interest since this compound occurs with pinosylvin derivatives in pine heartwoods.% 
Attempted selective reduction of the benzylidene double bond in compounds (XI; R = H) 
and (XV) yielded mixtures from which only starting material could be isolated. However, 
the derivative (XIV) was readily hydrogenated catalytically 17 to the phenethyl ketone 
which was hydrolysed and decarboxylated to 2-methyl-6-phenethyl-4-pyrone. Com- 
parison of the ultraviolet and, infrared spectra of these compounds with those of 

18 Di Modica and Tira, Gazzetta, 1956, 86, 234. 

™ Cf. Wiley, Jarboe, and Ellert, J. Amer. Chem. Soc., 1955, '77, 5102. 

Lindstedt, Acta Chem. Scand., 1950, 4, 448. 

%® Linstedt and Misiorny, Acta Chem. Scand., 1951, 5, 121. 


Walker, J]. Amer. Chem. Soc., 1956, 78, 3201. 
7¢ 
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dehydroacetic acid and 2,6-dimethyl-4-pyrone, together with the production of 8-phenyl- 
propionic acid on alkaline hydrolysis, confirmed the assumption that reduction had 
occurred at the benzylidene double bond. Ring opening of the pyrone with barium 
hydroxide gave 8-phenyloctane-2,4,6-trione (XVI), a low-melting solid characterised as its 
crystalline di-enamine formed on condensation with pyrrolidine. 

In basic conditions, ranging from hydrogen carbonate solution or tertiary organic bases 
to alkali fusion, both the @-triketone (XVI) and the corresponding pyrone cyclised to 
dihydropinosylvin (XVII), identified by paper-chromatography ' (a spot Rp 0-11. coloured 
red by bisdiazotised benzidine spray). A second component (Ry 0-22, with a similar spray 
reaction) was invariably present, and under the milder conditions a further component 
(yellow spot, Ry 0-05) was detected. The former by-product (in agreement with its 
behaviour and similarity to dihydropinosylvin) almost certainly has structure (XVIII), 
produced by the alternative intramolecular aldol condensation of (XVI), while the latter 
is possibly a naphthalene derivative analogous to (IV). 

Intramolecular cyclisation, competing with hydrolysis, appeared to be favoured under 
the more vigorous conditions. Alkali fusion of the pyrone [equivalent to (XVI) in these 
conditions] gave in 7% yield a mixture of phenols (XVII) and (XVIII) which was difficult 
to resolve. Breminetion of the mixture yielded three substances separable by chrom- 
atography. Of these, one yielded dihydropinosylvin (XVII) on debromination #8 with 
Raney alloy and alkali; another yielded the isomer (XVIII); the third, a minor com- 
ponent, was not purified. The first bromo-derivative was identical (mixed m. p. and infra- 
red spectrum) with a dibromo-derivative of authentic dihydropinosylvin. A polyketonic 
intermediate in the biogenesis of pinosylvin and its derivatives would probably retain the 
terminal carboxyl group, or a derivative thereof possibly with coenzyme-A, and cyclisation 
would be greatly assisted. 


EXPERIMENTAL 


Ultraviolet spectra were measured for EtOH solutions. Light petroleum refers to the 
fraction of b. p. 60—80°. 

7-Acetyl-1,2,3,4-tetrahydro-3,8-dihydroxy-3,6-dimethyl-1-oxonaphthalene (I11).—The barium 
salt of heptane-2,4,6-trione 5 (from 2,6-dimethylpyrone) (4 g.) was almost completely dissolved 
by careful addition of dilute hydrochloric acid. The lemon-yellow solution (pH 7—8) was 
filtered and left at 15°, the crystals which were deposited being collected daily for 3 days (1-2 g.). 
Crystallisation from benzene-light petroleum yielded the ketone (III) as almost colourless 
see m. p. 137—137-5° a C, 68-0; H, 6-5. C,,H,,O, requires C, 67-7; H, 6-5%), 

Amax, 242, 264, 336 my (log ¢ 4-22, 4-04, 3-71), vnax (in Nujol) 3479s, 1691s, 1624s cm.*}. 

The mother-liquors from patie bri of ketone (III) gave bright yellow needles of 2- 
acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene (IV), m. p. 180° (Found: C, 73-2; H, 62. 
Calc. for C,4H,,0,: C, 73-1; H, 6-1%), Amax, 228, 261-5, 298, 306, 322, 340, 350 my (log ¢ 4-58, 
4-34, 3-63, 3-64, 3-58, 3-66, 3-68), vagy, (in Nujol) 1635s, 1600 (sh) cm.?. 

3-A cetonyl-2,6-diacetyl-5-methylphenol (I1).—To the barium salt® from dimethylpyrone 
(2 g.) was added 20% acetic acid (10 ml.), and the solution (pH 6) was filtered. After 4 days 
at 15°, the crystals were collected and recrystallised from benzene, to yield the phenol (II) 
(0-7 g.), m. p. 113° (Found: C, 67-7; H, 6-3. C,,H,,O, requires C, 67-7; H, 65%), Amax, 238°5, 
264 (infl.), 338 my (log ¢ 4-18, 3-93, 3-58), vmax. (in Nujol) 1706s, 1675s, 1619s cm.71. 

When the sodium salt of heptane-2,4,6-trione was neutralised to pH 7 and left for 10 days, 
a yellow precipitate (5 mg.), m. p. 174°, undepressed by admixture with phenol (IV), was 
obtained. 2,6-Dimethylpyrone was recovered from the solution. 

7-Acetyl-8-hydroxy-1,3,6-trimethylisoquinoline (IX).—Substance (II) (0-4 g.) was treated with 
ammonia as described by Collie and Wilsmore.? The residue after evaporation of the ammonia 
was dissolved in 2N-hydrochloric acid and neutralised, to give the isoquinoline (IX) (0-33 g.), 
yellow needles, m. p. 167—168-5° (from ethanol) (Found: C, 70-2; H, 63; N, 549. 
C,,H,,0,N,0-5H,O requires C, 70-6; H, 6-2; N, 60%), Amax 216°5, 225 (inf. ), 265-5, 367 mu 


18 Schwenk, Papa, Whitman, and Ginsberg, /. Org. Chem., 1944, 9, 1. 
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(log ¢ 4-47, 4-45, 4-52, 3-94), Vmax. (in Nujol) 3470 (sh), 3310m, broad, 1625s, 1602scm.'. Similar 
treatment of compound (III) gave predominantly the naphthalene (IV), m. p. 176°, and some 
jsoquinoline (IX), m. p. 164—165°, identified by mixed m. p.s and infrared spectra. 

3-Cinnamoyl-4-hydroxy-6-methyl-2-pyrone (XIV).—Dehydroacetic acid (25-2 g., 0-15 mole), 
benzaldehyde (15-9 g., 0-15 mole), and piperidine (1-5 ml.) in anhydrous pyridine (120 ml.) were 
warmed at 45° for 45 min., then at 100° for 15 min. Removal of the solvent in a vacuum and 
recrystallisation of the residue from aqueous alcohol or benzene-light petroleum gave the 
pyrone (XIV) (26 g.), m. p. 130—132° (Found: C, 70-5; H, 4-7. Calc. for C,;H,,0,: C, 70-3; 
H, 4:7%), Amax, 234, 355 my (log ¢ 3-98, 4°47), vax, (in CCl,) 1733—1720s, 1640s, 1625s cm.7}. 

2-Methyl-6-styryl-4-pyrone (XV).—The pyrone (XIV) (9-2 g.) in acetic acid (50 ml.) and con- 
centrated hydrochloric acid (50 ml.) was heated at 105° for 2 hr. (no further gas evolution), then 
refluxed for 20 min. The crystalline pyrylium salt obtained on removal of the solvent under 
reduced pressure was diluted with water (20 ml.) and decomposed with cold sodium hydroxide 
solution (10%). Chloroform-extraction and decolorisation on alumina gave the pyrone (XV) 
(7-1 g.), m. p. 124—125° (from benzene-light petroleum) (Found: C, 79-1; H, 5-5. C,H4,0, 
requires C, 79-2; H, 5-7%), Amax. 227, 233 (infl.), 317 my (log ¢ 4-26, 4-20, 4-49), vnax, (in Nujol) 
1664s, 1640 (sh), 1601s cm.?. 

8-Phenyloct-7-ene-2,4,6-trione (X1).—To the pyrone (XV) (3-0 g.) in hot 1:1 v/v aqueous 
ethanol (40 ml.) was added a hot saturated aqueous solution of barium hydroxide (4-0 g.), and 
the mixture was warmed for 30 min. on the steam-bath. The filtered yellow barium salt was 
decomposed with dilute hydrochloric acid, and the product extracted with chloroform. 
Crystallisation from benzene-—light petroleum afforded bright yellow needles of the trione (XI) 
(2-06 g.), m. p. 114—115°, giving a brown ferric test (Found: C, 73-2; H, 6-1. C,,H,,O, 
requires C, 73-0; H, 6-1%). 

4-Hydroxy-6-methyl-3-8-phenylpropionyl-2-pyrone.—The cinnamoylpyrone (XIV) (9 g.) in 
ethyl acetate (300 ml.) was hydrogenated over 5% palladium-charcoal (1-25 g.); 1-06 mol. were 
absorbed. Filtration and removal of the solvent under reduced pressure afforded 4-hydroxy-6- 
methyl-3-B-phenylpropionyl-2-pyrone (7-2 g.) which formed pale yellow crystals, m. p. 74-5—76°, 
from ethanol (Found: C, 70-1; H, 5-5. C,;H,,O, requires C, 69-8; H, 5-4%) and had 2,,, 222 
(infl.), 309 my (log ¢ 4-12, 4-15), vmax (in CCl,) 1735s, 1640s, 1610s cm.4. Dehydroacetic acid ™ 
has Amax, 225, 310 my (log ¢ 4-06, 4-08). 

2-Methyl-6-phenethyl-4-pyrone.—4-Hydroxy-6-methyl-3-8-phenylpropionyl-2-pyrone (7-0 
g.), acetic acid (35 ml.), and concentrated hydrochloric acid (28 ml.) were refluxed for 3 hr. 
Concentration of the resulting solution to dryness in a vacuum gave the pyrylium salt, which 
was decomposed with warm saturated aqueous potassium hydrogen carbonate. Chloroform 
extracted 2-methyl-6-phenethyl-4-pyrone (5-17 g., 89%); when crystallised from benzene-light 
petroleum and sublimed at 90°/10°? mm., this had m. p. 76-5—77° (Found, on freshly sublimed 
sample: C, 78-6; H, 6-4. C,,H,,O, requires C, 78-5; H, 6-5%), Amax, 248 mu (log ¢ 4:27), vax. 
(in CS,) 1673, 1634cm.1.  2,6-Dimethyl-4-pyrone ?® has Ama, 248 my (log ¢ 4-13), vax, (in Nujol) 
1672 cm... 

8-Phenyloctane-2,4,6-trione (XVI).—To 2-methyl-6-phenethyl-4-pyrone (500 mg.) in 
1: 1 v/v aqueous ethanol (10 ml.) was added barium hydroxide (900 mg.) in hot water (5 ml.), 
and the mixture was warmed for 15 min. on the steam-bath. The filtered barium salt was 
decomposed with dilute hydrochloric acid. Chloroform-extracts, after being washed with 
potassium hydrogen carbonate, yielded the trione (XVI) (230 mg.), an oil which crystallised 
below room temperature, gave a red ferric test, and had Ama. 253, 260 (infl.), 276, 317 my (log ¢ 
3-83, 3-81, 3-76, 3-73), Vmax. (in CS,) 1727, 1674 cm.?. 

The trione (70 mg.) and pyrrolidine (110 mg.) in ethanol (0-2 ml.) were warmed briefly on the 
steam-bath. Next morning,-the di-enamine (88 mg., 86%) was collected and recrystallised 
from benzene-light petroleum as pale yellow crystals, m. p. 142—144° (Found: C, 78-1; H, 
8:5; N, 8-0. C,.H,,ON, requires C, 78-1; H, 8-9; N, 8-3%), Amax, 304, 373 my (log e 4-00, 4-67), 
Ymax, (in Nujol) 1533 cm."1. 

Cyclisation of 8-Phenyloctane-2,4,6-trione (XVI).—2-Methyl-6-phenethyl-4-pyrone (1-0 g.) 
and powdered sodium hydroxide (6 g.) in a nickel crucible under nitrogen were heated rapidly 
to 250° (bath-temp.), maintained there for 15 min., and then at 360° for 30 min. An ether- 
extract prepared after cooling and acidification of the mixture was washed with potassium 


1® Gibbs, Johnson, and Hughes, J. Amer. Chem. Soc., 1930, 52, 4895. 
*® Bu’Lock and Smith, /J., 1960, 502. 
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hydrogen carbonate and 10% potassium hydroxide solution. The recovered phenolic fraction 
(248 mg.) was sublimed at 150°/10 mm., and the sublimate (147 mg.) decolorised on “‘ Florisil,” 
Chromatography on “ Florisil ’’ and elution with pentane-ether (9: 1) gave two non-crystalline 
fractions: the first (15 mg.) on paper chromatography and development with bisdiazotised 
benzidine gave a yellow spot, Ry 0-82; the second (9 mg.) a pale violet spot, Rp 0-30. Pentane~ 
ether (3: 1) eluted a mixture (70 mg.) of dihydropinosylvin (XVII) (red spot, Rp 0-11) and the 
phenol (XVIII) (red spot, Ry 0-22), which could not be resolved by chromatography on silica gel. 

Bromination of the cyclisation mixture. To the mixture (32 mg.) of compounds (XVII) and 
(XVIII) in chloroform (1 ml.) bromine in chloroform was added dropwise until decolorisation 
ceased. The excess of bromine was destroyed with sodium hydrogen sulphite, and the recovered 
oil (54 mg.) chromatographed on “ Florisil.’" Three fractions were obtained: (i) (12 mg.) 
eluted with pentane-ether (4: 1), sublimed at 130°/0-1 mm. and from benzene-light petroleum 
formed colourless crystals, m. p. 100-5—102°, vmay (in CS,) 3479 (phenolic OH), 1375 cm. 
(sh; CMe); (ii) (18 mg.) eluted with pentane—ether (1 : 3) and purified as for (i) gave colourless 
crystals, m. p. 145-5—147-5°, vax. (in CS,) 3499 cm.! (phenolic OH); and (iii) (9 mg.) eluted 
with ether containing methanol (1%), vax. (in CS,) 3485 cm. (phenolic OH). 

Similar bromination of authentic dihydropinosylvin gave two fractions. One, dibromodi- 
hydropinosylvin, m. p. 146-5—148°, was identical (mixed m. p. and infrared spectrum) with 
(ii) above (Found: C, 45-7; H, 3-5. C,,H,,O,Br, requires C, 45-2; H, 3-2%). The second 
fraction corresponded to (iii) above. 

Debrominations. Fractions (i), (ii), and (iii) above (0-7 mg. severally) in 5% aqueous 
sodium hydroxide (1 ml.) were treated portionwise with Raney alloy (30 mg.) during 30 min., 
and then warmed on the steam-bath for 30 min. The ether extracts obtained after acidification 
were examined by paper chromatography. Fraction (i) gave a spot (red, Rp 0-22) identical 
with that of compound (XVIII). Fractions (ii) and (iii) gave dihydropinosylvin (red spot, Rp 
0-11) identical with authentic material, and a spot (yellow, Rp 0-22) which may be due to 
incompletely debrominated material. 


We are indebted to the Royal Commission for the Exhibition of 1851 for an Overseas 
Scholarship (D. W. C.) and to Professor H. Erdtman for a sample of dihydropinosylvin. 
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853. Mechanism of Substitution at a Saturated Carbon Atom. Part 
LXI.* Addendum on the Finkelstein Reaction, and Reply to Farhat- 
Aziz and Moelwyn-Hughes. 

By E. D. HuGHEs, Sir CHRISTOPHER INGOLD, and A. J. PARKER. 


Repetition of the work of Hughes, Ingold, and Mackie on the reaction 
of methyl iodide and lithium chloride in acetone, with and without added 
lithium perchlorate, has confirmed that the disturbances alleged by Farhat- 
Aziz and Moelwyn-Hughes in Hughes, Ingold, and Mackie’s rates do not 
exist, that the salt effects the latter authors found are real, and that the 
enormous discrepancy that Farhat-Aziz and Moelwyn-Hughes saw in 
Hughes, Ingold, and Mackie’s rates arises from Farhat-Aziz and Moelwyn- 
Hughes’s having temporarily forgotten the difference between a rate and a 
rate-constant. 


As part of a comparative study of the effect of alkyl structure on the rates of Finkelstein 
reactions, Hughes, Ingold, and Mackie ! examined the rates of reaction of lithium chloride 
in acetone with a series of alkyl iodides, among them methyl iodide. The reactions, 
though reversible, went well forward in the conditions used, and were of simple second- 
order form over considerable parts of their course in the presence of sufficient lithium 
perchlorate to buffer specific salt effects: 

RI + LiCl === RCI + Lil 





* Part LX, J., 1960, 806. _ 
* Hughes, Ingold, and Mackie, J., 1955, 3177. 
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This was accordingly a convenient method of comparing the kinetic effects of different 
alkyl groups on the reaction. 

Farhat-Aziz and Moelwyn-Hughes 2 have published a study of the rate of one of the 
reverse reactions, that between methyl chloride and lithium iodide in acetone. They did 
not measure the rate of our forward, t.e., their reverse, reaction, but deduced it on certain 
assumptions. However, at the outset of their paper, they refer to it, as if measured, in 
the words: “ The rate of the reverse reaction is greater . . . than that found by other 
workers (Hughes, Ingold, and Mackie) by a factor of more than 1000.” 

We do not habitually comment on inapplicable criticisms, but we do comment in this 
case, because the sweeping assertion quoted, followed, as it is, by a succession of incorrect 
“explanations,” obscures the circumstance that the essential cause of the large factor 
mentioned is that Farhat-Aziz and Moelwyn-Hughes have temporarily forgotten the 
difference between a rate, which is observational, and a rate-constant, which depends on 
the kind of constant, 7.e., on the formula by which it is calculated. 

Farhat-Aziz and Moelwyn-Hughes, however, account for the alleged discrepancy in 
several ways, which are alike in assuming faulty work on our part. So let us examine 
how far they are correct. 

Their first explanation is that Hughes, Ingold, and Mackie “ used sealed ampoules 
with an unspecified volume of vapour,” thereby ‘‘ permitting the escape of vapours of 
methyl iodide and methyl chloride into the gas-space in contact with their solutions.” 

We thought we had called attention to this source of error and how to avoid it, in rate 
measurements on alkyl halides, first, and often enough in papers of this series to make 
clear that it is routine with us to check its significance and take evasive measures if 
necessary. Actually the error never attains significance except in poor solvents for alkyl 
halides, notably water, and at temperatures high for the volatility of the alkyl halide. Two 
records, taken from related papers, will suffice to show its insignificance in the present case. 
The rate of reaction of methyl bromide at 100° in aqueous formic acid was reduced by 
about 20% by a gas space 3 times the liquid volume, and this error became undetectable 
when the gas-space was reduced to a small fraction of the liquid volume.* Without any 
special precautions, 7.¢e., with our usual approximate 15% of gas-space, as also with more 
than twice that, no detectable disturbance due to the gas-space occurred in the reaction 
of methyl bromide at 55° in ‘“‘ 80% ” aqueous ethanol.* It was therefore obvious that no 
detectable error of this kind could arise in the reaction of less volatile methyl iodide, in 
the better solvent anhydrous acetone, at the still lower temperatures used by Hughes, 
Ingold, and Mackie, who, nevertheless, protected themselves against it experimentally.® 
For demonstration in face of the assertion made, and not because there could be any 
doubt, we have now re-examined the point as follows. Some rate measurements in 
Hughes, Ingold, and Mackie’s conditions, as specified at the top of Table 1, were conducted 
(a) in ampoules with 0-5 ml. of gas-space, (b) in 100 ml. flasks with 5—95 ml. of gas-space, 
and (c) in a 1000 ml. flask with 910—990 ml. of gas-space. As Table 1 shows, no difference 
of rate was detected, so criticism on this score is finally invalidated. 

Farhat-Aziz and Moelwyn-Hughes’s second explanation of the alleged discrepancy is 
that it arises ‘‘ owing to their [Hughes, Ingold, and Mackie’s] not allowing for the kinetic 
consequences of the reverse reaction.”” They say that Hughes, Ingold, and Mackie 
“ dismissed ”’ the retrogradé reaction. 

This is a strange charge; first, because Farhat-Aziz and Moelwyn-Hughes also conclude 
that the rate of the retrograde reaction is smaller than that of the forward reaction “ by 
a factor of about 4000.”’ If this were true, if the reverse reaction really went so very much 
more slowly, its dismissal would be justified. 


* Farhat-Aziz and Moelwyn-Hughes, J., 1959, 2635. 

* Bateman and Hughes, /., 1940, 947. 

* Bateman, Cooper, Hughes, and Ingold, J., 1940, 934. 
® Mackie, Thesis, London, 1952, p. 98. 
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In fact, the reverse reaction does not qualify for dismissal quite so completely; and 
the second, and more serious answer to Farhat-Aziz and Moelwyn-Hughes is that Hughes, 
Ingold, and Mackie did not dismiss it. They explained that their reactions went so far 
forward that they could follow proportions up to 70% of the stoicheiometrically possible 


TABLE 1. Showing the absence of Farhat-Aziz and Moelwyn-Hughes’s alleged effect of 
vapour space on the rate of reaction between methyl iodide and lithium chloride in 
anhydrous acetone at 25-20°. 


(In all four runs the initial concentrations were: a = [Mel] = 0-05725, b = [LiCl] = 0-02960, 
[LiClO,) = 0-09475m. Aliquot parts of 6-81 ml. were titrated electrometrically with 0-0200M-AgNO, 
for I~ and for total Hal~. The constants, in sec.-' mole“! 1., were calculated from k, = [2-303/t(a — 
b)) logy, [b(a — x)/a(b — x)]. In the runs in flasks, the vapour space increased as samples were with- 
drawn, but &, did not drift, as is further illustrated in Table 2. Runs 3 and 4 were performed together, 
so that nothing differed except the size of the flasks.) 


Initial vol. Approx. vol. Mean Std. No. of 
Run Vessel(s) soln. (ml.) vapour (ml.) 10°, devn. readings * 
7-3 ml. ampoules 6-81 each 0-5 5-33 0-26 
“100 ml.” flask 100 5—95 5-49 0-13 
“100 ml.” flask 100 5—95 5-40 0-12 
“1000 ml.”’ flask 100 910—990 5-33 0-12 


* Number giving #, values, of which means and standard deviations are quoted; not counting 
“ zero”’ and “ infinite ’’ time readings. 


forward process without interference from the back-reaction; and that when, additionally, 
salt effects were buffered with excess of lithium perchlorate, second-order constants, 
calculated as for an irreversible reaction, were good over the stated ranges. We have 
again checked this matter by taking three runs, nos. 2, 3, and 4 of Table 1, to equilibrium, 
as in the example set out in Table 2. Equilibrium was-reached after 94-1, 94-2, and 94-8% 


TABLE 2. Showing the insignificance, over more than 70% of the reaction between methyl 
iodide and lithium chloride in acetone, of Farhat-Aziz and Moelwyn-Hughes’s alleged 
kinetic disturbance by the back-reaction. 

(Run 2: Initial conditions, analytical method, and calculations, as noted at the head of Table 1.) 

¢(min.) Reaction (%) 10%, i(min.) Reaction (%) 10%, t(min.) Reaction (%) 10%, 

0-0 4-9 24- 37-0 5-56 150 83-7 5-18 
4-0 11-1 5: 36- 46-0 “2! 260 89-0 3-43 * 
6-0 14-8 . 50- 56-6 5-4 800 93-7, 94-6 

12-0 23-3 , 76-8 “4: 900 94-0 


Mean &, (excluding value marked *), 5-49 x 10°? sec.“ mole! 1. Mean reaction at 20—22 half- 
lives, 94-1%,. 


of reaction in the respective cases (mean, 944%). The stoicheiometric equilibrium 
constants, [MeCI)[Lil}/[Mel][LiCl], were therefore 15-1, 15-4, and 17-5 (mean K = 16-0). 
The stoicheiometric rate constants were in fact steady to rather beyond the 70% given 
as a working limit by Hughes, Ingold, and Mackie. Within that range the reverse reaction 
had no significance. Well beyond it, the kinetic effect of the reverse reaction can indeed 
be seen. 

Hughes, Ingold, and Mackie pointed out that, when the constant excess of lithium 
perchlorate was omitted, the second-order rate-constants diminished as reaction continued, 
but from the beginning, whereas they had found, as we have confirmed, that, in the initial 
range and for quite a long way forward, the back-reaction had no inportance. They 
interpreted the drift as arising from a negative salt effect, such as is general to, and 
expected for, bimolecular Finkelstein reactions, and in particular from the replacement 
of a weaker by a stronger salt as reaction proceeds. Therefore they added, in constant 
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excess, the chemically inert salt, lithium perchlorate, which, as expected, reduced the rate 
and cut out the drift: this was obviously the simplest way for those authors to fulfil 
their purpose, which was to set up standard conditions for comparing the kinetic effects 
of different alkyl groups on the reaction. 

Farhat-Aziz and Moelwyn-Hughes’s next allegation is that Hughes, Ingold, and 
Mackie have misdescribed the drift. They claim that there is no drift due to salt effects, 
and that the drift observed by Hughes, Ingold, and Mackie arises from the back-reaction. 
They admit that the effect of added lithium perchlorate is “ difficult to interpret ” 
satisfactorily on that basis. They add, however, that “the treatment for opposing 
bimolecular reactions satisfactorily fits the facts, and no drift can be detected in either 
velocity coefficient.” 

This statement, so far as it concerns the velocity coefficient of the reaction between 
methyl iodide and lithium chloride, is not only unsupported by any data that we can find 
in Farhat-Aziz and Moelwyn-Hughes’s paper, but also is in conflict both with Hughes, 
Ingold, and Mackie’s findings and with the present re-investigation. In order to test the 
point, we have carried out four new experiments on the reaction between methyl iodide 
and lithium chloride in acetone, in the absence of lithium perchlorate (nos. 5—8). An 
example is given in Table 3. In all these runs, we observed the downward drift, as 


TABLE 3. Confirming the salt effect in the reaction between methyl todide and lithium chloride, 
by showing that the progressive negative effect sets in earlier than the equilibrium could 
account for, and is suppressed by excess of lithium perchlorate. 


(Expt. 6. In anhydrous acetone at 25-20°. Initially, [MeI] = 0-02862 and [LiCl] = 0-01480m. 
Analytical procedure and calculations as noted at the head of Table 1.) 


Run 6a. Without LiClO,. Run 6b. [LiClO,] = 0-09475m. 
(min.) Reaction (%) 10°k, ? (min.) Reaction (%) 108k, 
0-0 22:1 — 0-0 3-9 -— 

1-0 26-5 37-8 8-0 9-0 5-32 
2-0 30-7 38-4 12-0 13-1 6-17 
4-0 36-5 34-0 25-0 23-0 5-83 
7-0 44-5 33-1 45-0 35-0 5-80 
9-0 47-7 31-3 85-0 53-2 5-73 
13-0 56-5 31-8 115 62-6 5-71 
21-0 65-7 28-9 165 73-6 5-67 
27-0 70-7 27-6 220 80-5 5-40 
200 94-1 ie LH 94-5 * fia 


* Calculated from equilibrium constant K = 16 (runs 2—4). 


reported by Hughes, Ingold, and Mackie, in the stoicheiometric second-order rate- 
constant throughout the first 70° of reaction, where, as we have seen, the kinetic effect 
of the reverse reaction is insignificant. As Hughes, Ingold, and Mackie found, this drift 
not only sets in much too early to be understood on the basis of the known equilibrium, 
but also is eliminated, with lowered rates, in parallel runs in the presence of excess of 
lithium perchlorate. 

Farhat-Aziz and Moelwyn-Hughes purport to summarise Hughes, Ingold, and Mackie’s 
interpretation of these phenomena in the following statement. “‘ They claim that the 
reaction is subject to a salt effect, which is said to be generic to Finkelstein substitutions, 
negative in sign, and specific with respect to the cation.’’ Hughes, Ingold, and Mackie 
did not signalise, or even separately mention, a specific effect of the cation: both ions 
matter. In part, the salt effect on bimolecular Finkelstein reactions is a special case of 
the medium effect, theoretically described by Hughes and Ingold in 1935. When we 
make a medium more polar, whether we do so by changing the solvent, or by dissolving 
ions in a weakly polar solvent, we stabilise the initial state more than the transition state, 
in which the ionic charge is more diffuse; and therefore the reaction goes more slowly— 
very much more slowly, for example, in water than in acetone. 
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Farhat-Aziz and Moelwyn-Hughes make yet another insubstantial allegation. This 
is that ‘‘ Hughes, Ingold, and Mackie treat lithium chloride in acetone solution as com- 
pletely ionised (or dissociated).” In fact, Hughes, Ingold, and Mackie did not treat the 
electrochemical condition of lithium chloride at all: they did not need to, concerned, as 
they were, only with a comparison of the kinetic effect of alkyl groups.* 

If they had treated it, they would not have used, as Farhat-Aziz and Moelwyn-Hughes 
do, Acree’s ‘“‘ dual’’ theory of 1915, affected as this is, in such an application, by the 
Bjerrum theory of 1926. For in acetone, the Bjerrum distance is 13—14 A (depending on 
temperature), more than 5 times the touching distance of the counter-ions, and, like the 
distance for a coulombic equipartition energy, of the same order of magnitude as an average 
solute—particle separation corresponding to the range of concentration used. It is there- 
fore impossible that the functions of the salt can be accurately described in terms of only 
two sharply differentiated but inherently uniform species, called ‘‘ associated”’ and 
“ dissociated,’”” with all chemical and electrochemical activity concentrated exclusively 
in the latter—which is then, strangely enough, taken as an ideal solute, 7.¢., as ions 
without coulombic forces. The door of dissociation in acetone is not restricted to being 
shut or open, but can be ajar to a continuous distribution of extents, each Boltzmann- 
weighted extent having its proper chemical and electrochemical activity, and all measure- 
ments being of appropriate averages. 

It was in recognition of this situation that Hughes, Ingold, and Mackie compared 
their alkyl groups on the basis of stoicheiometric rate-coefficients, as well as for the more 
general reason for which stoicheiometric coefficients are usually quoted, viz., that they 
best summarise, because they can be simply back-converted to, the observational rates— 
as is the function of rate-coefficients. However, it was open to Farhat-Aziz and Moelwyn- 
Hughes to divide Hughes, Ingold, and Mackie’s .rates by concentrations other than 
stoicheiometric, if they wanted to for the purpose of comparison with their own figures. 
They should certainly not have compared numerically two quite differently defined rate- 
coefficients. Still more, they should not have called the resulting mismatch a comparison 
of rates. 

We can now see how the magnitude of the grave error, which Farhat-Aziz and Moelwyn- 
Hughes attempted to fasten on to Hughes, Ingold, and Mackie’s rates, is built up. In an 
equilibrium medium, the rates of the opposing reactions are indubitably equal. We can 
deduce the rate of one reaction from that of the other more generally (at the same tem- 
perature) if we can make the proper allowances for changes in medium composition. In 


* A paper by Winstein, Sevedoff, and Smith has just appeared,*® which cites that by Farhat-Aziz 
and Moelwyn-Hughes and repeats their mistake of treating incomplete salt dissociation as a mutually 
exclusive alternative to a salt effect, as well as repeating their complaint that Hughes, Ingold, and 
Mackie neglected the former. Neither of the two other groups of authors seems to have realised that 
the term “ salt effect’ is phenomenological (one adds a salt and it has an effect), with no limitation of 
physical mechanism, except the implication, common to all medium effects (solvent or salt) of a differ- 
ential interaction with an initial state and a transition state. If we build up the concept of a Finkelstein 
reaction, starting from the essential bond-change, say, Cl- + RI — » CIR + I-, at first without 
reference to solvation shells or close gegen-ions, and then in imagination add a more polar solvent, 
e.g., water to acetone, a retardation will ensue; and we shall explain that on the basis that the water 
associates more with the initial-state ion Cl- than with the transition-state ion (CIRI)~. If, instead of 
adding water, we add lithium ion, replacing some large cation by this small one, a retardation will again 
ensue; and we can analogously say that Li* associates more with Cl- than with CIRI-; or, neglecting 
the strict differential aspect, we could say, simply, that Li* associates with Cl-. However, the latter 
statement is an approximation to the former, not a contrary alternative. 

¢t Farhat-Aziz and Moelwyn-Hughes do not cite Acree’s original papers on this subject, but do cite 
a paper by Evans and Sugden,’ which applies the theory and cites its literature. 

t There are, of course, circumstances in which the use of a crude model, such as that of Acree in 
ion-pairing solvents, would be justified as the simplest approach to a broad comparison; it would be 
justified, for example, in a comparison of nucleophilic powers among a variety of anions. Here we are 
merely pointing out that no considerations were before Hughes, Ingold, and Mackie which would require 
them to adopt such a model. 


* Winstein, Sevedoff, and Smith, Tetrahedron Letters, 1960, 9, 24 
7 Evans and Sugden, J., 1949, 270. 
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Acree-type calculations on Farhat-Aziz and Moelwyn-Hughes’s runs, it emerges that the 
ratio [LiCl]/[* dissociated ’’ Cl- as calculated], at equilibrium, always amounts to some 
hundreds: in the one fully recorded kinetic run, it is close to 300. Hence the ratio, 
kcree : Rstoicheiometric, Of the two coefficients by which one might alternatively describe the 
same rate of the same reaction is here about 300. And since at equilibrium the rates of 
the opposing reactions are equal, one can, if one feels justified, apply one figure to one 
reaction and the other to the opposing one. This provides the main component of the 
claimed rate discrepancy. Then, the standard excess of lithium perchlorate, in the 
presence of which Hughes, Ingold, and Mackie made their comparisons, reduced their 
rates, and likewise their rate-coefficients, by a factor of about 4. Apparently, Farhat-Aziz 
and Moelwyn-Hughes even felt justified in taking that in, so using the product of the 
factors in order to compose their alleged discrepancy ‘‘ by a factor of more than 1000,” 
which, well confused with baseless detailed criticisms, they laid, inapplicably, to Hughes, 
Ingold, and Mackie’s account. 


EXPERIMENTAL 


Materials.—Methyl iodide was decolorised by means of mercury, dried (K,CO,), and 
distilled; it had b. p. 42—43°/750 mm. A stock solution in acetone was prepared, and, after 
2 weeks, was free from iodide ion and acid on dilution with water, but gave 100-0% of both on 
hydrolysis at 100°. Lithium chloride and lithium perchlorate were crystallised from acetone- 
benzene, collected under dry nitrogen, and dried in a vacuum at 120° over phosphoric oxide. 
Stock solutions of the salts in acetone underwent no change in 2 weeks, and gave, respectively, 
100:0% and 0-0% of chloride ion. ‘‘ AnalaR”’ acetone was distilled from magnesium per- 
chlorate. Parallel rate measurements in the original and dried solvent gave identical results, 
and hence no more extensive drying was attempted. 

Kinetics —Runs were done in ampoules and in volumetric flasks. The contents of ampoules 
were enclosed in them at 0°, and 5 min. with shaking were allowed to bring them to thermostat 
temperature. The components of mixtures to be made in volumetric flasks were separately 
brought to thermostat temperature first, and thus the time zero could be taken somewhat 
sooner after making the mixtures. Samples were quenched by pouring them into ice-cold 
water. They were titrated electrometrically with silver nitrate, after addition of enough solid 
barium nitrate to make a solution 5% in that salt. A duplicate titration on a sample kept for 
15 min. in ice-water gave the same content of iodide and chloride ion, thus showing that the 
quenching was effective. Our practice was to measure iodide, total halide ion, and pH. 
The total halide and the pH (5-2—5-4) remained constant throughout each run. 


WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, GOWER ST., 
Lonpon, W.C.1. [Received, May 9th, 1960.) 








4406 Abel: The Alkylthiotrimethylsilanes. 


854. The Alkylthiotrimethylsilanes: Preparations and Some 
Properties. 


By E. W. ABEL. 


The alkylthiotrimethylsilanes, RS-SiMe, (R = Et, Pr", Pri, Bu", But) 
have been prepared by interaction of chlorotrimethylsilane with the ap- 
propriate lead mercaptide. The higher homologues may also be obtained by 
displacement reactions with the higher thiols. The alkylthiotrimethyl- 
silanes reacted with alcohols to produce the corresponding alkoxytrimethy]l- 
silanes in excellent yield. The infrared spectra of the alkylthiotrimethyl- 
silanes and alkoxytrimethylsilanes have been measured over the range 400— 
4000 cm."!, and are discussed. 


For an investigation of the properties of organosilicon compounds, it has been necessary 
to prepare a series of alkylthiotrimethylsilanes. 

Chlorotrimethylsilane and alkanethiols did not react, and were recovered unchanged 
after prolonged heating. The lead salts of the thiols, however, with chlorotrimethylsilane 
produce the alkylthiotrimethylsilanes in good yield (Table 1): 


Pb(SR)s + 2SiCIMe, ——B PbCi, + 2SiMesSR . . . . . «~~. (i) 
(R = Et, Pr®, Pri, Bu®, But) 


This reaction has previously been used! to afford ethylthiotriethylsilane, and similarly 
sodium butyl sulphide was used? in the preparation of n-butylthiotrimethylsilane from 
chlorotrimethylsilane. 

The lead salts of ethane-, propane-l-, and butarie-1-thiol underwent reaction (1) quite 
rapidly on warming, but reaction of the propane-2-analogue was considerably slower, and 
the t-butyl salt required 25 hr. for complete reaction. There was presumably a steric 
hindrance to the reaction of the branched-chain thiols. 

The products are colourless liquids, which smell strongly of thiol, as a result of their 
rapid hydrolysis in moist air. Quantitative hydrolysis produced the thiol and hexa- 
methyldisiloxane : 

2SiMeg’SR + H,O ——® (SiMe;),0+2RSH. . . ..... Q 


The alkylthiotrimethylsilanes may be converted into higher homologues, on careful 
fractionation with a higher thiol: 


SiMeg*SR + R’“SH Ne Pe er es 


Similarly the alkylthiotrimethylsilanes may also be prepared by careful fractionation 
of diethylaminotrimethylsilane and a thiol: 


SiMe,*NEt, + R‘SH — SiMe,SR-+NHEt, . . . . ... . @ 


In this preparation, however, only thiols of higher boiling point than the amine produced 
are suitable; e.g., fractionation of the aminosilane and ethanethiol gave only the starting 
materials. This approximately equal replacement tendency of alkoxythio- and dialkyl- 
amino-groups has also been observed 3 in the corresponding boron system. 

The interaction of exactly equimolar quantities of an alcohol and the alkylthiotri- 
methylsilanes was in all cases exothermic, and distillation of the resulting mixture produced 
the thiol and the alkoxytrimethylsilane, irrespective of the relative boiling points of alcohol 
and thiol: 

SiMes°SR + R'OH ——® RSH + SiMe,OR’ . . . . . . . . 

1 Schmeisser and Miiller, Angew. Chem., 1957, 69, 781. 


2 Langer, Connell, and Wender, J. Org. Chem., 1958, 28, 50. 
3% Aubrey and Lappert, Proc. Chem. Soc., 1960, 148. 
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The alkoxytrimethylsilanes are often difficult and tedious to prepare and purify by other 
methods, owing to formation of troublesome alcohol—alkoxysilane azeotropes.>  - 

Alkyl halides, although reacting with dialkyl sulphides to produce trialkylsulphonium 
halides, are reported not to react at all with disilyl sulphide. As the alkylthiotrimethyl- 
silanes, with C-S-Si linkages, lie between the alkyl (C-S-C) and silyl (Si-S-Si) sulphides, 
it is interesting that, although no sulphonium compounds have as yet been isolated, 
possible evidence for their formation as intermediates is obtained by the presence of iodo- 
trimethylsilane in the reaction products of alkylthiotrimethylsilanes and alkyl iodides: 

SiMe,"SR + R’| —— SiMe,*SRR’] —— SiMe,! + R°SR’ 
Further work on this and other aspects of the co-ordination reactions of the alkylthio- 
trimethylsilanes is proceeding. 

The infrared spectra of the alkylthiotrimethylsilanes and the corresponding alkoxytri- 
methylsilanes have been measured over the range 400—4000 cm.'. In general, the 
assignments made by previous workers have been confirmed. A very strong absorption 
band at 1253—1260 cm." is extremely constant in position in all the compounds measured, 
and has been assigned by Young, Koehler, and McKinney’ as the symmetric methyl 
deformation frequency. The strong bands observed herein at 842—849 and 752—758 cm. 
have also been observed ** in many polysiloxanes, and are assigned to vibrations of the 
SiMe, grouping. A band observed by Richards and Thompson ® at about 700 cm.* in 
straight-chain and cyclic siloxanes, and believed by them to be associated with the SiMe, 
group, has been found to be present in all the compounds examined. 

The major difference between the spectra of the analogous oxygen and sulphur com- 
pounds is the presence of a very strong absorption in the former at 1037—1104 cm., which 
is completely absent for the sulphur compounds. Two bands at 639—641 and 486— 
498 cm. | are, however, present in the sulphur compounds, with no corresponding bands 
in the oxygen analogues. The strong band at 1037—1104 cm.+ for the oxygen com- 
pounds has been assigned *® to the Si-O-C and Si-O-Si linkages. There appears to be no 
change in position of the band in going from C-O to Si-O despite the considerable change 
in mass. This has been ascribed to a compensating increase in the Si-O force constant, 
and this view is reasonable in view of the highly probable partial double-bond character of 
the SiO bond due to px-dx bonding. From a simple reduced-mass calculation, based 
on the known C-S frequency at 650 cm.", the Si-S stretcing frequency would be expected 
to absorb at about 430 cm.*. It is probable again, however, that the increase in bond 
order in going from C-S to Si-S would produce a larger force constant with a consequent 
absorption shift to higher frequency. In view of this, the bands present in the alkylthio- 
trimethylsilanes at 639—641 and 486—498 cm.! may be tentatively assigned to the 
stretching modes of the C-S-Si linkage. These compare with the combined Raman and 
infrared measurements of the symmetrical and antisymmetric stretching vibrations of the 
Si-S-Si linkage in disilyl sulphide, which have been assigned frequencies of 480 and 
517 cm.!, respectively." 

The bands observed by Wright and Hunter ® at 435—450 cm." and assigned to the 
Si-O valency bend vibration were not confirmed in the present work. 


EXPERIMENTAL 
Preparations and Techniques.—Lead salts of thiols were prepared from the thiol and lead 
acetate in aqueous alcohol, and after copious washing with distilled water were dried in a 


Gerrard and Kilburn, J., 1956, 1536. 

Sauer, J]. Amer. Chem. Soc., 1944, 66, 1707. 

Emeléus, MacDiarmid, and Maddock, J. Inorg. Nuclear Chem., 1955, 1, 194. 
Young, Koehler, and McKinney, J]. Amer. Chem. Soc., 1947, 69, 1410. 
Wright and Hunter, J. Amer. Chem. Soc., 1947, 69, 803. 

Richards and Thompson, /., 1949, 124. 

Stone and Seyferth, J. Inorg. Nuclear Chem., 1955, 1, 112. 

Ebsworth, Taylor, and Woodward, Trans. Faraday Soc., 1959, 55, 211. 
Borgstrom, Ellis, and Emmet Reid, J. Amer. Chem. Soc., 1929, 51, 3649. 
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vacuum-desiccator. Infrared spectra were measured on a Unicam S.P. 100 instrument, sodium 
chloride and potassium bromide optics being used. 

Attempted Interaction of Butane-1-thiol and Chlorotrimethylsilane.—The chlorosilane (5-49 g,, 
1 mol.) and butane-1-thiol (4-54 g., 1 mol.) were refluxed together for 2 hr., during which no 
evolution of hydrogen chloride occurred. Fractionation of the mixture yielded chlorotrimethy}l- 
silane (5-12 g., 93%), b. p. 57—-60°, n,”° 1-3924, and butane-1-thiol (4-17 g., 82%), b. p. 96—98°, 
n,* 1-4428. No residue remained after the distillation. 

Interaction of Lead Mercaptides and Chlorotrimethylsilane.—The carefully dried mercaptide 
(1 mol.) and chlorotrimethylsilane (2-2 mol.) were heated under reflux on a steam-bath until all 
the bright yellow mercaptide had been converted into white lead chloride. The mixture was 
then filtered, and the residue washed with chlorotrimethylsilane (2 x 10 c.c.). Distillation of 
the combined filtrate and washings yielded, first, unchanged chlorotrimethylsilane, and then the 
required alkylthiotrimethylsilane (Table 1) as a colourless liquid. 


TABLE l. 

R in Yield Reaction Found (%) Requesd 
SiMeSR  —_ (%) B.p.  time(hr.) d mp® C H c H 
gp ee 76 130° 0-3  O832 14512 453 108 448 105 
TP Sichinas 92 151 10 0-844 14524 484 10] 486 108 
i nsponeed 73 142 20 0824 14497 486 103 486 108 
oie 81 168 10 0854 14550 51-7 109 518 Ib 
pews 70 157 25 0-834 14570 51-4 108 518 111 


All preparations were carried out on ~0-l-molar scale, and yields are based on lead 
mercaptide taken. 

Attempted Interaction of NN-Diethylaminotrimethylsilane and Ethanethiol.—The aminosilane 
(7-81 g., 1 mol.) and thiol (3-34 g., 1 mol.) were refluxed together for 10 hr. and the resultant 
mixture was carefully fractionated. Ethanethiol (3-17 g., 95%), b. p. 35°, 7,,° 1-4300, a middle 
fraction (0-52 g.), b. p. 36—126°, and NN-diethylaminotrimethylsilane (7-22 g., 92%) (infrared 
spectrum identical with that of starting material) were recovered. 

Interaction of NN-Diethylaminotrimethylsilane and Butane-1-thiol.—The aminosilane (7-25 g., 
1 mol.) and thiol (4:50 g., 1 mol.) were refluxed together for 1 hr., and the mixture was distilled 
to yield diethylamine (3-45 g., 94%), b. p. 54—56°, m,,*° 1-3877, and n-butylthiotrimethylsilane 
(7-14 g., 88%), b. p. 166—169°, m,,*° 1-4549 (Found: C, 52-0; H, 10-8%). 

Interaction of Ethylthiotrimethylsilane and Butane-1\-thiol.—The silane (6-71 g., 1 mol.) and 
the thiol (5-4 g., 1-2 mol.) were refluxed together for 1 hr. and the mixture was distilled to yield 
ethanethiol (2-61 g., 84%), b. p. 36°, 7, 1-4315, unchanged butanethiol, and n-butylthiotri- 
methylsilane (6-4 g., 78%), b. p. 166—169°, m,,° 1-4542. 

Alcoholysis of Alkylthiotrimethylsilanes.—The silane (1 mol.) and alcohol (1 mol.) were 
mixed, and a temperature rise noted each time. Distillation of the products gave the alkoxy- 
trimethylsilane and thiol (Table 2). 


TABLE 2. 
Yield (%) 

SiMe,’SR R’ in R‘OH SiMe,*OR’ B. p. np 
Bu® Me 16 57° 1-3685 
Et Bu® 93 125 1-3934 
Et Pr® 82 99 1-3822 
Et But 79 105 1-3915 
Et Pr! 81 * 87 1-3782 


* Found: C, 54:3; H, 10-3. C,H,,OSi requires C, 54-6; H, 12-1%. 


Each alcoholysis was carried out on ~0-5m scale. 

Hydrolysis of Ethylthiotrimethylsilane.—The silane (5-61 g., 2 mol.) was added to water 
(0-377 g., 1 mol.) and set aside. Slight warming took place, and subsequent distillation gave 
ethanethiol (2-21 g., 87%), b. p. 34—36°, n,*° 1-4291, and hexamethyldisiloxane (2-75 g., 81%), 
b. p. 97—101°, ,,* 1-3771. 

Interaction of n-Butylthiotrimethylsilane and n-Butyl Iodide.—The silane (2-58 g., 1 mol.) and 
the iodide (2-92 g., 1 mol.) were refluxed together for 25 hr., and then the mixture was carefully 
fractionated to give: iodotrimethylsilane (2-41 g., 76%), b. p. 107°, m,,° 1-4742 (Found: I, 62°8. 
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Calc. for C,HgISi: I, 63-5%), a fraction (0-6 g.), b. p. 107—181°, and di-n-buty] sulphide (1-93 g., 
83%), b. p. 181—183°, »,*° 1-4534 (Found: C, 65-4; H, 11-4. Calc. for C,H,,S: C, 65-8; H, 
123%). 

Infrared Spectra.—Spectra were measured of thin liquid films of each compound. Samples 
were checked to be better than 99% pure by vapour-phase chromatography. The main bands 
were as follows: 

SiMe,*SEt: 2970vs, 2905s, 1456m, 1412m, 1379m, 1254vs(A), 978m, 845vs(B), 754s(C), 
700s(D), 666s, 638s(E), 486s(F). 

SiMe,SPr®: 2964vs, 2878s, 1458m, 1410w, 1382w, 1296w, 1254vs(A), 1063m, 844vs(B), 
192w, 757s(C), 730w, 700s(D), 654sh, 640s(E), 490s(F). 

SiMe,’SPr': 2960vs, 1875s, 1452m, 1410w, 13087w, 1369m, 1253vs(A), 1160m, 1057m, 
845vs(B), 755s(C), 701s(D), 641s(E), 498s(F), 422m. 

SiMe,*SBu": 2963vs, 2880s, 1468m, 1440m, 1409w, 1382w, 1359w, 1298w, 1253vs(A), 1229m, 
1193w, 1100w, 1072w, 1025w, 846vs(B), 756s(C), 73lw, 701s(D), 656s, 639s(E), 490s(F). 

SiMe,*SBu': 2973vs, 2902vs, 1457s, 1461s, 1409m, 1366vs, 1330w, 1256vs(A), 1218m, 1173s, 
1162s, 849vs(B), 755vs(C), 701s(D), 641s(E), 592s, 493s(F), 416m. 

SiMe,-OMe: 2976vs, 2839s, 1468s, 1260vs(A), 1203s, 1104vs(G), 873vs, 847vs(B), 758vs(C), 
725s, 698s(D), 606m. 

SiMe,-OEt: 2973vs, 2911s, 1486w, 1447w, 1393m, 1298w, 1258vs(A), 1173m, 1117vs, 
1086vs(G), 953vs, 845vs(B), 752s(C), 726w, 695s(D), 622w, 614w. 

SiMe,-OPr®: 2983vs, 2915s, 1460m, 1394m, 1256vs(A), 1115sh, 198vs(G), 1016vs, 875sh, 
845vs(B), 754s(C), 689s(D). . 

SiMe,-OPr': 2985vs, 2900s, 1470w, 1456w, 1386m, 1370m, 1258vs(A), 1178s, 1136s, 
1037vs(G), 890s, 842vs(B), 758s(C), 715m, 691s(D), 615w, 440s. 

SiMe,-OBu": 2984vs, 2907s, 1467m, 1390m, 1303w, 1266vs(A), 1126sh, 1104vs(G), 1045m, 
987m, 901s, 875s, 846vs(B), 751s(C), 691s(D), 617w. 

SiMe,-OBut: 2980vs, 2921s, 1464m, 1393s, 1367vs, 1256vs(A), 1206vs, 1060vs(G), 1029vs, 
939vs, 847vs(B), 756vs(C), 685s(D), 620m, 600w, 474s. 

(A) = Symmetric methyl deformation; (B) and (C) = SiMe, group vibrations; (D) SiMe, 
group vibrations; (E) and (F) = C-S-Si group stretching modes; (G) = C-O-Si group stretch- 
ing mode. 
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855. T'ransition-metal Complexes with Aliphatic Schiff Bases. Part 
I. Nickel(11) Complexes with N-Isopropylidene-ethylenediamine Schiff 
Bases. 

By N. F. Curtis. 


Nickel(11) diamine complexes react with aliphatic ketones to form nickel(11) 
Schiff base co-ordination compounds. Although the parent imines are 
too unstable to be isolated, the complexes are extremely stable. Possible 
structures are discussed in terms of the unusual chemical inertness. 


HITHERTO, co-ordination compounds of «-di-imines have usually been prepared by reaction 
between the pre-formed di-imine and the appropriate metal salt under anhydrous 
conditions. As aliphatic imines are usually too unstable to be isolated, most of the com- 
pounds reported have been formed from aromatic di-imines. Bahr! describes the 
compounds (I; R = Me or Ph, R’ = Ph or C,H,Me, M = Ni**, Cu?*, or Zn**), all of which 
are readily decomposed by water. Hoyer ® describes the formation of the cupric complex 


1 Bahr, Z. anorg. Chem., 1951, 267, 137; Bahr and Kretzer, ibid., p. 161. 
* Hoyer, Naturwiss., 1959, 46, 14. 
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of NN’-difurfurylidene-ethylenediamine (II) which is rapidly hydrolysed by alcohol con- 
taining the correct quantity of water to the compound (III), which is itself readily 
hydrolysed to the simple ethylenediamine complex. 

Krumholz * reports the formation of ferrous derivatives of biacetyl (and glyoxal) bis- 
N-methylimine (IV) by reaction of ferrous salts, biacetyl (or glyoxal), and excess of methyl- 
amine. These compounds are stable in aqueous solution, and decompose in acid or alkaline 
solution only on boiling. Methylamine and biacetyl can be recovered from the hydrolysis 
products. However, the infrared absorption spectrum of tris(biacetylbismethylimine)- 
iron(11) iodide shows no absorption in the region characteristic of C:N groups, and hence 
the imine structure must be regarded as doubtful.* 


a R’ 2+ x Y 2+ Me 2+ 
= = a —CH RC = N 
RC Nv UN CR H,C N. UN 2 * all 
| ame | 4 as v |Fe 
== =CR H,C—N N—CH =N 
vs R R . x Y 7 Me /3 
(I) (II); X=Y = furfurylidene (IV) 


(III); X=H,, Y=furfurylidene 


Preparation.5—When trisethylenediaminenickel(11) perchlorate is dissolved in anhydrous 
acetone, the colour of the solution slowly changes from blue-violet to yellow. From the 
resultant solution bis-(NN’-di-isopropylidene-ethylenediamine)nickel(I1) perchlorate (V) 
can be isolated. The reaction can be speeded by the addition of bases, such as pyridine or 
ethylenediamine, by heating, or by exposure to ultraviolet light. The presence of traces of 
water retards the reaction. The same product is formed, but much more slowly, if a 
solution of anhydrous bisethylenediaminenickel(11) perchlorate in acetone is exposed to 
ultraviolet light. When this perchlorate reacts with acetone, in the absence of ultraviolet 
light, two products can be isolated, depending on the conditions. The initial product is 
(NN‘N" -tri-isopropylidenebisethylenediaminenickel(11) perchlorate (VI). If the reaction is 
continued, the NN’-bisisopropylidene compound, (VII) or (VIII), becomes the major 
product. 

The perchlorates (V) and (VI) form bright yellow crystals, sparingly soluble in cold 
water, alcohols, acetone, etc.; (VII) {or (VIII)] forms large orange crystals, and is much 
more soluble than the other two. All three are diamagnetic as the solid and in aqueous 
solution; (V) is chemically very stable, being unattacked by boiling concentrated acids or 
alkalis, and being decomposed only by powerful oxidising agents, such as chloric acid, or 
peroxydisulphate, and by cyanide ions; the other two perchlorates, particularly (VI), are 
less resistant, being decomposed by dilute acids, and by any reagent which removes 
nickel ions from solution, such as hydrogen sulphide or ammoniacal dimethylglyoxime. 
Perchlorates (VI) and (VII) are relatively stable in boiling aqueous solution, but on 
prolonged boiling (~20 hr.) with aqueous pyridine, the former is converted into the latter. 


x Y 2+ p , 
H,C—N N—CH, (V) 3 X=X=Y=Y= CMe, 
s 4 ‘ 
| UNL | (VI); X=H,, X2Y=Y'= CMe, 
eo (VII) ; X= Y'=H,, X=Y=CMe, 


(VIII); X=X‘=H,, Y= Y= CMe, 


Visible and Ultraviolet Absorption Spectra.—The visible spectra of these compounds are 
very similar, there being one peak at 436 my. The ultraviolet absorption spectra of (VI) 
’ Krumholz, J. Amer. Chem. Soc., 1953, 75, 2163. 


* Busch and Bailar, J. Amer. Chem. Soc., 1956, 78, 1137. 
* Curtis, Thesis, University of New Zealand, 1954. 
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and (VII) are the same, showing two peaks which are ascribed to the imine groups con- 
jugated through x-bonding by the nickel atom. This conjugation would be expected to be 
more efficient in the case of (V), which has four symmetrically arranged isopropylidene 
groups, and in (V) the two peaks in the ultraviolet spectra of the previous compounds are 
displaced to longer wavelengths, and an additional peak appears as a shoulder. 


Absorption spectra in aqueous solution. 


Amex. (mp) < Ames. (my) € 

436 104 436 70 

(CV) ..ccccsccccvess 282 5,400 (VI) and (VIT) 268 2,100 
238 7,900 — — 

213 17,300 205 15,000 


Infrared Spectra.—The infrared spectra support the suggested Schiff-base structures for 
these compounds. Thus all three show absorption in the C:N stretching region, the 
relative intensity increasing in the order (VII) < (VI) < (V), as the number of C:N groups 
in the molecule increases; (VI) and (VII) show absorption in the NH, stretching and 
deformation regions. In (VI), with one NH, and three C:N groups, the height of the NH, 
deformation peak is less than that of the C°N stretching peak, with the relative heights 
reversed in (VII), with two NH, and two C:N groups. Work on the infrared spectra of 
these, and related compounds, is proceeding. 

Discusston.—Diamagnetic four-co-ordinate nickel(11) complexes are normally square 
planar. The azomethine group C:N is also planar in structure. The molecule of (V) is 
required by these conditions to be coplanar, but a planar model, with standard covalent 
radii, indicates that there would be considerable interference between the methyl groups of 
adjacent isopropylidene groups, which must be removed by the skewing of the molecule. 
The strain resulting from such distortions would be expected to decrease the stability of 
the molecule. This effect is probably responsible for the fact that (VI), with three iso- 
propylidene groups, is less stable than (VII), which has only two, and consequently no 
strain. However, the bis-(NN’-difurfurylidene-ethylenediamine)copper(11) ion, which is 
“strain free,’’ is very readily hydrolysed,? but the cupric analogue of (V) (to be de- 
scribed in a subsequent paper) shows stability comparable with that of the nickel 
compound. 

Schiff bases are usually readily hydrolysed, by water or by dilute acids, and hence the 
resistance of these compounds is unusual, especially as the parent Schiff base, NN’-di-iso- 
propylidene-ethylenediamine cannot be isolated, whereas the compounds reported by 
Bahr ' and Hoyer,” for which the parent Schiff bases are first prepared, are all hydrolysed 
very readily. It has been reported that ease of hydrolysis of Schiff bases is affected by 
co-ordination,’ and it has been suggested that an ethylenedi-imine complex, which on 
hydrolysis can form the stable ethylenediamine complex, will be more easily hydrolysed 
than a biacetyl di-imine, for which the co-ordinating power is greatly reduced on hydrolysis. 
On this basis, the isopropylidene-ethylenediamine complex would be expected to be readily 
hydrolysed, like Hoyer’s furfurylidene-ethylenediamine complexes.” 

The strain inherent in structure (V) would be removed by the tautomeric change to 
structure (IX), in which the interference between the methyl groups is eliminated, and the 
C:N groups are conjugated and endocyclic. Bahr? was able to prepare complexes only 
with di-imines which gave this configuration. However, it has been reported that 
R-CH:N-CH,R’ will not rearrange to R-CH,*"N:CHR’, even when a quinonoid structure 
would result. The tautomeric rearrangement produces complexes derived from biacetyl, 
similar to the ferrous compounds described by Krumholz,3 which yielded biacetyl and the 


®* Nyholm, Chem. Rev., 1953, 58, 263. 


. * Eichorn and Bailar, J. Amer. Chem. Soc., 1953, '75, 2905: Eichorn and Marchand, ibid., 1956, 78, 
688 


* Vaga, Magyar Kem. Folyoirat, 1939, 48, 83. 
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parent amine on hydrolysis, but acetone was recovered from the solution, as the 2,4-dj- 
nitrophenylhydrazone, when (VI) was hydrolysed by dilute acid. 

The rearrangement would not be required in the case of (VII) which is “ strain free,” 
but the absorption spectrum of this compound is closely similar to that of (VI), indicating 
closely related structures. From these considerations it appears that the rearrangement is 
unlikely. 


Me,CH HCMe, “]2+ Me,C CMe, 2+ 
HC==N_  ~N=CH H,C—N.  ~N—CH, 
l ‘NI* | | +3, 4+ 
4 a +) i + 
HC =N N=CH H,C —N N— CH, 
Me,CH HCMe, Me,C CMe, 
(IX) (X) 


In (V), x-bonding by the nickel atom, using the suitably orientated d.-orbitals, amount- 
ing to resonance with forms such as (X) would be expected to occur. This, while increasing 
the co-ordinate bond strength, also reduces the strain of twisting the CN groups by reduc- 
ing their double-bond character. This would also reduce the tendency of the CN groups 
to hydrolyse. The resonance would be less effective in the cases of the less symmetrical 
(VI) and (VII), accounting for their lower stability and resistance to hydrolysis. How- 
ever, the remarkable difference in stability between the (NN-di-isopropylidenebisethylene- 
diamine)nickel(11) ion (or its cupric analogue) and the (NN’-difurfurylidene-ethylenedi- 
amine)copper(II) ion remains unexplained. 


EXPERIMENTAL! 


Bis -(NN’-di-isopropylidene - ethylenediamine) nickel(11)- Perchlorate. —Trisethylenediamine- 
nickel(i1) perchlorate was dissolved in dry acetone, the solution stored for about 1 week and 
then evaporated to dryness, and the residue dissolved in a small quantity of hot water. This 
solution was boiled (charcoal) and filtered while hot. The yellow crystals which deposited on 
cooling were recrystallised from hot water; yield >80% [Found: Ni, 11-0; C, 35-7; H, 6-0; 
N, 10-0; ClO,, 37-0. CygH3,N,Ni(ClO,), requires Ni, 11-4; C, 35-3; H, 5-8; N, 10-0; ClO, 
37-0%]. 

(NN‘N”’-Tri-isopropylidenebisethylenediamine)nickel(11) Perchlorate (V1).—Powdered, blue bis- 
ethylenediaminenickel perchlorate dihydrate was placed in a vacuum desiccator fo rseveral 
days, the orange anhydrous salt being formed. This was dissolved in dry refluxing acetone. 
The condenser was then removed, and the solution immersed in a boiling-water bath; most of 
the acetone evaporated off, leaving a tarry residue. This was heated at 100° for 1 hr., the 
remaining acetone removed under vacuum, and the residue treated as in the previous prepar- 
ation, yellow crystals being obtained; yields low and variable, usually 10—20% [Found: Ni, 
11-8; C, 31-3; H, 5-6; N, 11-2. C,sH,.N,Ni(ClO,), requires Ni, 11-6; C, 31-3; H, 6-0; N, 
114%]. 

(Di-N-isopropylidenebisethylenediamine)nickel(1) Perchlorate [(V11) or (VIII)].—The tarry 
residue described in the previous preparation was heated at 100° for 6 hr., or at 120° for 2 hr. 
The product was treated as previously described. On slow evaporation of the final solution 
large orange crystals were formed. These were crystallised from water, by slow evaporation, or 
from hot methanol; yields variable, usually about 40% [Found: Ni, 12-8; C, 26-2; H, 5-2; N, 
11-2; ClO,y, 43-4. C,H,,N,Ni(ClO,), requires Ni, 12-8; C, 26-5; H, 5-4; N, 11-2; ClO, 
42-6%]). 

Spectra.—The infrared spectra were determined in potassium bromide discs, and in ‘‘ Fluoro- 
lube ”’ mulls, a Perkin-Elmer model 21 infrared spectrophotometer being used. The visible and 
ultraviolet spectra were determined in aqueous solution by using a Unicam model S.P. 500 
spectrophotometer. 

Analysis.—Nickel was determined as its dimethylglyoxime derivative. The perchlorate (V) 
was decomposed by boiling with an acid peroxydisulphate solution. Nitrogen was determined 
by the Kjeldahl method. : 





ALI 





[1960] Crossley and Henbest. 4413 


The author thanks Dr. B. Cleverly and Mr. P. P. Williams, of the Dominion Laboratory, 
Wellington, for the infrared spectra determinations, Dr. A. D. Campbell, of Otago University, 
for the carbon and hydrogen analysis, and the Council of the University of Auckland for the 
Scholarship during the tenure of which part of this work was done. 

CHEMISTRY DEPARTMENT, UNIVERSITY OF AUCKLAND. 


CHEMISTRY DEPARTMENT, 
VICTORIA UNIVERSITY OF WELLINGTON. [ Received, December 31st, 1959.] 


856. Syntheses of Perhydroanthracenes involving the Reduction of 
Thioketals with Lithium and Ethylamine. The Synthesis of 
| ,4,4a«,5,8,8a8,9,9a8,10,10a«-Decahydroanthracene. 


By N. S. Crosstey and H. B. HENBEsT. 


The unsaturated diketones (I) and (II) have been converted in good 
yields into the corresponding perhydroanthracenes by reduction of their 
bis(ethylene dithioketals) with lithium and ethylamine. A diene (XIII) 
required for the study of its addition reactions has been synthesised. 


ALDER and STEIN! first condensed f-benzoquinone with butadiene (2 mol.) to give a 
product that they regarded as the diketone (I) or its stereoisomer with all-cis-bridgehead 
hydrogen atoms. We show below that this adduct has the structure (I), the second 
molecule of butadiene adding to the less hindered side of the bicyclic intermediate. The 
same conclusion has been reached by Hill and Martin ? for this compound, and by de Vries, 
Heck, Piccolini and Winstein * for the related adduct from #-benzoquinone and cyclo- 
pentadiene. Alder and Stein also isomerised the adduct (I) to the more stable diketone 
(II) under alkaline conditions, and they hydrogenated this diketone to the saturated 
diketone (IIT). 

The primary objective in our work in this series was the synthesis of the diene (XIII), 
containing parallel double bonds and with the same stereochemistry as diketone (II). 
The synthesis of the diene is given below, but an approach involving the removal of 
carbonyl groups from the diketone (II) by the intermediate formation and reduction of a 
bisdithioketal was also attempted. The bis(ethylene dithioketal) (V) was formed from 
the diketone (II) and ethanedithiol in high yield by using boron trifluoride as catalyst. 
Desulphurisation of the thioketal by Raney nickel was slow,* and reduction was attempted 
by lithium and ethylamine.*® The reduction of the thioketal was not, however, 
appreciably faster than that of the olefinic bonds for, after complete removal of sulphur 
from the molecule, the known, saturated perhydroanthracene (VIII), m. p. 90°, was 
obtained. This structure is established by X-ray diffraction methods.® 

The lithioethylamine technique is a new and effective way for reducing thioketals and 
the perhydro-compound (VIII) was also obtained by reduction of the thioketal (VI) from 
the saturated diketone (III). The procedure should not affect the stereochemistry of the 
bridgehead positions; preparation and reduction of the thioketal of the initial benzo- 
quinone—butadiene adduct gave a perhydroanthracene, m. p. 121°. The following 
arguments indicate that this hydrocarbon has structure (VII), the original adduct therefore 
having structure (I). The hydrocarbon (VII) should exist in a relatively strainless three- 
chair-conformation. Nevertheless, as it contains two axial carbon substituents on the 

* Hill and Martin ? report the reduction of this thioketal to the saturated hydrocarbon in unstated 
yield by Raney nickel in boiling ethanol. 


1 Alder and Stein, Annalen, 1933,'501, 247. 

2 Hill and Martin, Proc. Chem. Soc., 1959, 390. 

8 de Vries, Heck, Piccolini, and Winstein, Chem. and Ind., 1959, 1416. 

* Benkeser and his co-workers, J. Amer. Chem. Soc., 1955, 77, 3230 and later papers. 

5 Hallsworth, Henbest, and Wrigley, J., 1957, 1969; Hallsworth and Henbest, J., 1957, 4604. 
® Bog, Hassel, and Vihorde, Acta Chem. Scand., 1953, 17, 1308. 
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central ring it will be of higher energy content than the isomer (VIII) containing only 


equatorial carbon substituents on the central ring? (cf. isomerisation I—» II). The 
isomerisation (VII —» VIII) was effected by aluminium chloride in hexane. This most 


phe 


(VI) (IX) 





(IT) 


stable perhydro-compound (VIII) was also obtained on reduction of anthracene (IX) with 
lithium and ethylenediamine; the mixture of perhydro- and dodecahydro-compounds 
reported by previous workers ® was ozonised, the unchanged saturated hydrocarbon then 
being easily isolated. 


H_H H_H 
HH HH 


(X) M.p, 61° (XI) M.p.39° 


The preparation and interconversion of three (VIII, X, and XI) of the five possible 
perhydroanthracenes has been described by Cook, McGinnis, and Mitchell.® Hydro- 
genation of anthracene gave the all-cis-compound (X), the steric course of hydrogenation 
being considered similar to that established in the phenanthrene series.1° This was 
isomerised by aluminium chloride to the lower-melting compound (XI) and then to the 
stable isomer (VIII). The stereochemical requirements of the Diels—Alder reaction mean 
that there must be cis-fusions of rings in the adduct from benzoquinone and butadiene, 
and in the perhydroanthracene of m. p. 121° derived by reduction of its bisdithioketal. 
The perhydro-compound must therefore have the structure (VII) or (X); by exclusion, the 
former structure is correct. This conclusion is in line with the results recently reported ™ 
for the hydrogenation of 2,6-dihydroxyanthracene. Clarke and Johnson showed that 
catalytic hydrogenation of this compound followed by oxidation gave two perhydro-2,6- 
diketones in about 8:1 ratio. The more abundant diketone was reduced to the hydro- 
carbon (X) and the less abundant diketone gave the hydrocarbon, m. p. 121° (i.e., VII). 
(Comparison of the infrared absorption spectra of samples of the hydrocarbon prepared 

? Cf. Johnson, J. Amer. Chem. Soc., 1953, 75, 1498. 

8 Reggel, Friedel and Wender, J. Org. Chem., 1957, 22, 891. 

® Cook, McGinnis, and Mitchell, J., 1944, 286. 


1 Linstead, Doering, Davis, Levine, and Whetstone, J. Amer. Chem. Soc., 1942, 64, 1985. 
" Clarke and Johnson, J]. Amer. Chem. Soc., 1959, 81, 5706. 
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by Dr. Clarke and by ourselves confirms that the same compound was obtained by the 
different routes.) The results are in accord with the known preference for cis-addition of 
hydrogen from a catalyst and the control of the direction of addition by steric factors. 
Reduction of the saturated diketone (III) by the Wolff-Kishner method also gave the 
perhydroanthracene (VII), ¢rans —» cis isomerisations occurring at the ring junctions. 
The formation, in Wolff—Kishner reductions, of deoxy-compounds related stereochemically 
to a less stable ketonic precursor has been noted before.!2 The evidence, in these cases, 
suggests that the less stable ketone (which is in equilibrium with the more stable form) 
reacts more quickly with hydrazine and hence the hydrocarbon related to it is formed. 


HH 
Ba 0 i ee 
H~H 


(XII) (XH) 


(11) > 





In the present series, the diketone (III) partly isomerises to the full reduced derivative of 
diketone (I); this reacts rapidly with hydrazine with the consequent formation of the 
hydrocarbon (VII). Dr. R. L. Clarke (Sterling-Winthrop Institute, New York) has 
studied this reaction in greater detail, and by agreement, will report on it. Dr. Clarke 
has informed us that he and (independently) Dr. R. K. Hill and Mr. J. G. Martin of 
Princeton University, New Jersey, have also isolated the fifth perhydroanthracene from 
these reactions. 

Preliminary results from a study of the structure of the hydrocarbon, m. p. 121°, by 
electron-diffraction methods also agree with structure (VII) (personal communication 
from Professor O. Hassel and K. Hjortaas, Oslo). 

The 2,6-diene (XIII) was synthesised from the diketone (II). Reduction with sodium 
and butanol or, better, lithium and ammonia gave a dialcohol that can be assigned the 
diequatorial structure (XII; R= H). Its ditoluene-p-sulphonate was reduced in good 
yield by lithium aluminium hydride in tetrahydrofuran to the crystalline diene (XIII) and 
this was readily hydrogenated to the perhydro-compound (VIII). Addition reactions of 
the diene will be reported later. 


EXPERIMENTAL 


M. p.s were determined on a Kofler hot stage. Alumina (P. Spence, Grade H) was de- 
activated with dilute acetic acid. Light petroleum refers to the fraction of b. p. 60—80°. 
The af-system of nomenclature ™ is used for denoting relative configurations in racemic com- 
pounds. As none of these was resolved the (+)-prefix has been omitted throughout. 

1,4,4a«,5,8,8a8 ,9aa,10a8-Octahydroanthraquinone (1) and its Bis(ethylene Dithioketal) (IV).— 
p-Benzoquinone (210 g.), butadiene (280 g.), and benzene (400 c.c.) were heated in an autoclave 
at 100° for 24 hr. After cooling, the product was collected and washed with methanol to give 
the diketone (I) (250 g., 60%), m. p. 150—155°. The pure product had m. p. 154—155° (from 
benzene) (lit.,1 m. p. 155°). 

The diketone (I) (600 mg.) was dissolved in ethanedithiol (3 c.c.) at 20° and boron trifluoride— 
ether complex (0-5 c.c.) was added; almost immediately the product separated. After 30 min. 
it was filtered off and washed with methanol, giving the thioketal (IV) (960 mg., 94%), m. p. 
254—255° (from dioxan—methanol) (Found: C, 58-9; H, 6-65; S, 34:2. C,,H,,S, requires 
C, 58-7; H, 6-55; S, 34-7%). 

4ax,8a8,9a8,10aa-Perhydroanthracene (V11).—The bisdithioketal (IV) (1-1 g.) was suspended 
in ethylamine (100 c.c.). Small pieces of lithium (870 mg.) were added; the flask was then 
stoppered, cooled to — 20°, and shdken for 45 min. with periodic release of the pressure. Water 
was then added to discharge the blue colour and the ethylamine was allowed to evaporate 

12 Djerassi, Grossnickle and High, J]. Amer. Chem. Soc., 1956, 78, 3166; also unpublished results of 


Professor W. S. Johnson (Stanford) and his co-workers. 
#8 Henbest, Smith, and Thomas, /., 1958, 3293. 
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overnight. The product was extracted with light petroleum (b. p. 40—60°), and the extracts 
were filtered through alumina (10 g.) to give the perhydroanthracene (VII) (480 mg., 86%), 
m. p. 120—121° (from acetone) (Found: C, 87-5; H, 12-5. Calc. for C,,H,,: C, 87-4; H, 12-6%) 

1,4,4a«,5,8,8a8,9a8,10ax-Octahydroanthraquinone (II) and Reduction of its Bisdithioketal 
(V).—The diketone (I) (50 g.) in dioxan (400 c.c.) and methanol (100 c.c.) was heated almost 
to the b. p. under nitrogen, and 10% potassium hydroxide in methanol (5 c.c.) was added. On 
cooling, the diketone (II) (45 g., 90%) separated, having m. p. 244—245° (from ethyl acetate) 
(lit.,1 m. p. 244°). 

The diketone (II) 1-85 g.) was dissolved in ethanedithiol (3 c.c.), and boron trifluoride—ether 
complex (2-5 c.c.) was added. After 6 hr. at 20° the product was filtered off and washed with 
methanol to give the bis(ethylene dithioketal) (2-6 g., 82%), m. p. 284—285° (from dioxan- 
methanol) (Found: C, 58-3; H, 6-4%). 

By the above procedure the bisthioketal (770 mg.) was reduced with lithium in ethylamine 
to the perhydroanthracene (VIII) (350 mg., 90%), m. p. and mixed m. p. 89—90° (from 
methanol) (lit., m. p. 89—90°). The same perhydro-compound was obtained by using a 
reaction time of 30 min. or more. When reduction was stopped shortly after the appearance 
of the blue colour a mixture of hydrocarbons was isolated. 

4aa,8a8,9a8,10ac-Dodecahydroanthraquinone (III) and Reduction of its Bisdithioketal 
(VI).—The diketone (IT) (2-7 g.) was hydrogenated in ethy] acetate (250 c.c.) with 2% paliadium- 
calcium carbonate (uptake 560 c.c. at 20°/1 atm.; theor., 550 c.c.). Removal of catalyst 
and solvent gave the saturated diketone (III), m. p. 245—246° (from ethyl acetate) (lit.,! 
m. p. 244°). 

The diketone (III) (1 g.) with ethanedithiol (3 c.c.) and boron trifluoride-ether complex 
(2-5 c.c.), as above, gave the saturated bis(ethylene dithioketal) (V1) (1-6 g., 94%), m. p. 263— 
264° (from dioxan—methanol) (Found: C, 58-35; H, 7-6; S, 34-6. C,,H,.S, requires C, 58-05; 
H, 7-6; S, 34-35%). On reduction with lithium-ethylamine as above, this thioketal (620 mg.) 
gave the perhydro-compound (VIII) (340 mg.). ! 

4aa,8a8,9a8,10aa-Perhydroanthracene (VIII).—(a) From the perhydroanthracene (VII). A 
mixture of the hydrocarbon (VII) (500 mg.), powdered anhydrous aluminium chloride (800 mg.) 
and hexane (3 c.c.) was kept at 20° with occasional shaking for 5 days. The product was 
isolated with hexane, the extracts being filtered through alumina to give the perhydro-com- 
pound (VIII) (220 mg.), m. p. and mixed m. p. 89—90° (from methanol). 

(b) From anthracene. Anthracene (4 g.) in ethylenediamine (250 c.c.) was stirred under 
nitrogen at 100° + 5°. Small pieces of lithium (13 g.) were added during 2-5 hr. and heating 
was maintained for a further 3 hr. The mixture was poured into ice and water, and the product 
isolated with ether. The resulting brown oil was decolorised by filtering its solution in light 
petroleum (b. p. 40—60°) through alumina (50 g.). The product (3-5 g.), in ethyl acetate 
(50 c.c.), was cooled to —30° and treated with ozonised oxygen at the rate of 10 1./hr. for 3-5 hr. 
2% Palladium-calcium carbonate was then added and the mixture was shaken with hydrogen, 
127 c.c. being absorbed (at 20°/1 atm.). Removal of catalyst and solvent gave a yellow gum 
that was extracted with light petroleum (b. p. 40—60°). Filtration of the extracts through 
alumina (20 g.) gave the perhydroanthracene (320 mg., 7%), m. p. and mixed m. p. 89—90° 
(from methanol). 

1,4,4a«,5,8,8a8,9,9a8, 10ax-Decahydroanthracene-98,10u-diol (XII; R= H) and its Di- 
toluene-p-sulphonate.—(a) The diketone (II) (10 g.) in tetrahydrofuran (500 c.c.) was added 
dropwise with stirring to lithium (5 g.) in liquid ammonia (1 1.), the mixture being further 
stirred for 3 hr. The excess of lithium was decomposed with methanol, and the ammonia was 
evaporated. The residue was cooled in ice and acidified with 6N-hydrochloric acid. The 
product (7 g., 72%) was filtered off and washed with acetone (m. p. 270—272°). The pure diol 
had m. p. 274—275° (from ethanol) (Found: C, 75-9; H, 8-9. C,,H,.O, requires C, 76-3; 
H, 915%). 

(b) The diketone (II) (2 g.) was treated with an excess of sodium (8 g.) in stirred boiling 
butan-l-ol (200 c.c.) under nitrogen. The mixture was heated under reflux for 1 hr., cooled, 
and diluted with ethyl acetate and water. The organic layer was separated, then evaporated, 
and the residue, after being washed with benzene, crystallised from ethanol to give the diol 
(250 mg., 25%), m. p. and mixed m. p. 274—275°. 

The diol (5 g.) and toluene-p-sulphonyl chloride (20 g.) in pyridine (100 c.c.) were kept at 
40° for 3 days. Part of the product separated and this was removed by filtration; water was 
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added to the mother-liquor to precipitate the rest of it. Crystallisation from dioxan gave the 
ditoluene-p-sulphonate (9-2 g., 77%), m. p. 201—202° (Found: C, 63-6; H, 5-9. C,,H;,0,S, 
requires C, 63-6; H, 6-1%). 

1,4,4a«,5,8,8a8,9,9a8,10,10ax-Decahydroanthvacene (XIII).—The preceding diester (8-6 g.) 
was placed in a Soxhlet extractor over lithium aluminium hydride (10 g.) in boiling tetrahydro- 
furan (400 c.c.), being extracted during 2 days. The mixture was heated under reflux for a 
further 8 days. Excess of hydride was then decomposed with water and, after filtration, the 
solvent was evaporated. The residue was extracted with light petroleum (b. p. 40—60°), and 
the extracts were passed through alumina (50 g.). Removal of solvent under reduced pressure 
gave the diene (XIII) (2-4 g., 78%), m. p. 112—113° (from acetone) (Found: C, 89-2; H, 10-45. 
C,4Hoo requires C, 89-3; H, 10-7%). 

The diene reacted with the theoretical amounts of bromine and hydrogen; in the latter case 
the perhydroanthracene (VIII), m. p. and mixed m. p. 88—89°, was obtained in good yield. 


The authors thank Drs. J. W. Cook and J. D. Loudon for samples of perhydroanthracenes, 
and the University of London and the Department of Scientific and Industrial Research for 
research grants (to N.S.C.). They also acknowledge very helpful correspondence with Dr. 
R. L. Clarke and Professors O. Hassel and W. S. Johnson. 
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857. The Direct Introduction of the Diazonium Group. Part VII 


The Coupling of Tolwene-p-sulphonazide with Phenoxide Ions to Yield 
Diazo-oxides. 


By J. M. TEDDER and B. WEBSTER. 


Toluene-p-sulphonazide couples with reactive phenoxide ions to yield 
a triazen which breaks down spontaneously to give a diazo-oxide and the 
sodium salt of toluene-p-sulphonamide. In the necessarily basic conditions 
the diazo-oxide couples in turn with more phenoxide ions to yield the sodium 
salt of the azo-dye. 


PREVIOUS papers in this series have described the preparation of the diazonium salts from 
aromatic compounds by treatment with excess of nitrous acid or its derivatives.1_ Although 
these reactions have been carried out under many conditions they have all involved initial 
nitrosation, and subsequent conversion of the nitroso-compound into the diazonium salt. 
A totally different method is now described in which the two nitrogen atoms of the ultimate 
diazo-group are introduced simultaneously. Curtius showed that aromatic sulphonazides 
couple with diethyl sodiomalonate ? and more recently Doering showed that toluene-p- 
sulphonazide would couple with cyclopentadienyllithium.* The resultant triazen from 
the latter broke down spontaneously to diazocyclopentadiene. We have found that an 
exactly analogous reaction occurs with the sodium salt of reactive phenols: 


Ar*SOq*Ng -+ H*X*O-Nat —— Ar-SO,*NH*N:N'X‘ONa ——3 Ar-SO,*NHNa + +N,*X‘O- 


The diazo-oxide produced couples with more sodium phenoxide to yield the sodium salt 
of the symmetrical azophenol : 


+NgX°O- + H*X*ONa ——B HO*X*N2N*X*O-Nat 


The reaction is restricted to the more reactive phenols, ¢.g., «- and 8-naphthol, resorcinol, 
phloroglucinol, and 3-methoxyphenol. Towards less reactive phenols the sulphon- 
azide behaves like an acid chloride and the sodium salts of phenol and o-cresol yield the 


1 Part VI, Tedder and Theaker, Tetrahedron, 1959, 5, 288. 
* Curtius and Klavehn, J. prakt. Chem., 1926, 112, 65. 
% Doering and De Puy, J. Amer. Chem. Soc., 1953, '75, 5955. 
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toluene-p-sulphonate and sodium azide. m-Cresol also yields m-tolyl toluene-p-sulphonate, 
but trace amounts of dye appear to be formed. The coupling of the azide with reactive 
phenols is of interest not only because it is a new type of electrophilic substitution involving 


CHy'CgHy'SOg'Ng + CgHy*ONa —B> CHy'CgHy’SO4°C,H, + NaN, 


a stable molecular species as electrophile, but also because it provides a direct method of 
introducing the diazonium group into the very phenols which cannot be converted directly 
into diazo-oxides by treatment with nitrous acid. The symmetrical azophenol dye is 
obtained from sodium phenoxide (1 mol.), the free phenol (1 mol.), and toluene-p-sulphon- 
azide; resorcinol reacts readily with the azide in dilute aqueous alkali to give presumably 
2,2’,4,4’-tetrahydroxyazobenzene. «- and $-Naphthols react only with reluctance in an 
aqueous medium, but rapidly in ether, from which solution the sodium salt of the azo- 
naphthol is precipitated. It seems impossible to avoid forming some of the azophenol dye, 
but it is possible to isolate the 1-diazo-2-oxide from 8-naphthol by adding sodium §-naphth- 
oxide to excess of azide. When a similar isolation was attempted from «-naphthol, the 
diazo-oxide isolated was the 2-diazo-l-oxide and not the expected 1-diazo-4-oxide. ortho- 
Diazo-oxides couple far less readily than the para-isomers. Although «-naphthol couples 
predominantly in the 4-position, considerable amounts of ortho-coupling also occur. Some 
reaction of the diazo-oxides formed with unchanged «-naphthol is unavoidable, even when 
excess of azide is used, and as a result the final diazo-oxide solution will be relatively rich in 
the less reactive ortho-diazo-oxide. The ortho-diazo-oxide is certainly much more stable 
and probably less soluble than the para-isomer, so that it is not surprising that repeated 
recrystallisation of the crude diazo-oxide should eventually yield the pure 2-diazo-1-oxide. 


EXPERIMENTAL. 


2,2’-Dihydroxy-1,1’-azonaphthalene.—8-Naphthol (2-88 g.) was treated with sodium (0-23 g,) 
in dry ether (30 c.c.), the ether being refluxed until all the sodium had disappeared Toluene-p- 
sulphonazide (2-0 g.) in ether (20 c.c.) was added and the mixture stirred overnight. The 
precipitate was filtered off and washed repeatedly with ether. A solution of the dried precipitate 
in aqueous acetone was acidified with concentrated hydrochloric acid; the red-brown precipitate 
(1-22 g.) was crystallised from chloroform to yield 2,2’-dihydroxy-1,1’-azonaphthalene as dark 
red needles with a green lustre, m. p. 245—246° (Found: C, 75-7; H, 4-6; N, 8-9. C,9H,,N,0, 
requires C, 76-4; H, 4:5; N, 8-9%.) The dye gave an intense blue colour in concentrated 
sulphuric acid. The acidic filtrate was bright yellow indicating the presence of uncoupled 
diazo-oxide. The acetone was removed under reduced pressure and the solution filtered. 
Resorcinol was added to the filtrate and the solution made alkaline. A deep purple colour 
developed, and after an hour the solution was acidified and the resultant dark brown precipitate 
filtered. Recrystallisation of the crude dye from aqueous ethanol gave a dark brown powder, 
m. p. 197—198°, which gave a red-purple colour in sulphuric acid. This product was presumed 
to be 2,2’,4’-trihydroxy-1-phenylazonaphthalene. 

4,4’-Dihydroxy-1,1’-azonaphthalene.—a-Naphthol (2-88 g.) was treated with sodium (0-23 g.) 
in dry ether (30 c.c.) and then with toluene-p-sulphonazide (2-0 g.) in ether (20 c.c.), as in the 
preceding experiment. The reaction was more rapid, and after } hr., the blue sodium salt of 
the dye was filtered off. The free dye (1-22 g.) was precipitated from aqueous acetone as before; 
recrystallised from aqueous acetone it formed dark red-brown needles, m. p. 226—227° (Found: 
C, 76:1; H, 4:8; N, 86. Calc. for C,H,,N,O,: C, 76-4; H, 4:5; N, 89%). Bigiavi and 
Cherchiai * report that 4,4’-dihydroxy-1,l1’-azonaphthalene has m. p. 223°. The dye gave an 
intense blue colour in concentrated sulphuric acid. Unchanged diazo-oxide in the acidic 
filtrate was again coupled with resorcinol as before. A crude dye assumed to be 1,2’,4’-tri- 
hydroxy-2-phenylazonaphthalene was obtained. 

4,4’-Dihydroxy-2,2'-dimethoxyazobenzene.—Resorcinol monomethy] ether (5 g.) was dissolved 
in sodium methoxide solution [from sodium (0-5 g.) and methanol (20 c.c.)]. The excess of 

* Tedder and Theaker, /., 1958, 2573. 

5 Saunders, “‘ The Aromatic Diazocompounds and their Technical Applications,” E. Arnold, 


London, 1949, p. 198. 
* Bigiavi and Cherchiai, Atti Accad. Lincei, 1922, 31, LI, 40. 
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methanol was evaporated and the resulting sodium phenoxide mixture suspended in ether 
(100 c.c.). Toluene-p-sulphonazide (4-2 g.) was added and the ether refluxed for $ hr., filtered, 
and then washed with dilute sodium hydroxide solution. The precipitated sodium salt was 
dissolved in water and added to the alkaline washings of the ether. The combined alkaline 
solution was acidified and the resultant crude dye crystallised from toluene, yielding orange- 
brown plates, with a purple sheen, of 4,4’-dihydroxy-2,2’-dimethoxyazobenzene (0-25 g.), m. p. 
203—204° (Found: C, 61-2; H, 5-3; N, 9-8. C,,H,,N,O, requires C, 61-3; H, 5-1; N, 10-2%). 
The dye gives a blue-black colour in concentrated sulphuric acid which slowly turns orange-red. 

2,4,2’,4’-Tetrahydroxyazobenzene.—(1) Resorcinol (2-2 g.) was treated with sodium methoxide 
from sodium (0-25 g.) and methanol (20 c.c.)] as described above. The resultant solid was 
suspended in ether (50 c.c.), treated with toluene-p-sulphonazide (2-0 g.), and refluxed for } hr. 
The purple precipitate was washed with ether, dried, and then dissolved in water from which 
the free dye (0-84 g.) was precipitated by acidification. A portion was precipitated from ether 
by addition of light petroleum (b. p. 40—60°); the brown powder decomposed above 260° 
without melting. It was dried in vacuo (P,O,;) at 150° for 3 hr. (Found: C, 57-9; H, 4-9. 
CygHypN 20, requires C, 58-5; H, 41%). 

(2) A solution of resorcinol (2-2 g.) in 2N-aqueous sodium hydroxide (50 c.c.) and toluene-p- 
sulphonazide (2-0 g.) were heated in a steam-bath for 10 min. After cooling the unchanged 
azide was removed with chloroform. The aqueous layer was acidified, a brown precipitate 
(1-3 g.) forming which was very difficult to purify. It gave an initial black colour with sulphuric 
acid which slowly changed to red. 

Phenyl Toluene-p-sulphonate.—A solution of phenol (1-0 g.) in ether was treated with sodium 
(0:25 g.). When no further hydrogen was evolved a solution of toluene-p-sulphonazide (2-0 g.) 
in ether was added. The mixture was refluxed; sodium azide was filtered off and the ether 
evaporated to yield yellow crystals. On digestion with water, the colour passed into solution 
leaving the crystals colourless. The yellow solution did not couple with alkaline resorcinol. 
The crystals were recrystallised from alcohol, yielding needles, m. p. 94—95° alone or in 
admixture with phenyl toluene-p-sulphonate. 

0-Tolyl Toluene-p-sulphonate.—o-Cresol was treated in an analogous manner. As before, 
the resultant solution would not couple with resorcinol and the main organic product was 
o-tolyl toluene-p-sulphonate, m. p. 49-5°. 

Naphthalene 1,2-Diazo-oxide.—8-Naphthol (2-9 g.) and sodium (0-5 g.) were heated in 
refluxing ether (50 c.c.) for 2hr. The resultant mixture was decanted into a solution of toluene- 
p-sulphonazide (8 g.) in dry ether (20 c.c.). When a precipitate of the sodium salt of 2,2’-di- 
hydroxy-1,1’-azonaphthalene had just begun to form (ca. 2 min.), the ether solution was 
extracted with 6N-hydrochloric acid (2 x 100 c.c.), the acid solution filtered, and azide 
precipitated by the evaporation of the dissolved ether. The solution, now yellow, was diluted 
to 400 c.c. and then neutralised with sodium carbonate; a yellow precipitate formed. The 
filtrate was extracted with ether, the extract dried (Na,SO,), and evaporated, and the yellow- 
brown oil extracted with light petroleum (b. p. 40—60°) to give a solution from which yellow 
needles were obtained. These were combined with the precipitate and recrystallised from 
more petroleum. The pure diazo-oxide (0-30 g.) had m. p. 94:5—95° (Bamberger ’ reports 
m. p. 94—94-5°), a strong peak (2110 cm.!; diazo) in the infrared spectrum, and coupled 
readily with alkaline resorcinol (Found: C, 70-9; H, 4:1; N, 16-6. Calc. for C,gH,N,O: 
C, 70-6; H, 3-5; N, 165%). 

Naphthalene 2,1-Diazo-oxide.—This was prepared from «-naphthol (2-9 g.), as described 
for the 1,2-diazo-oxide. The filtration and subsequent neutralisation of the acid solution 
were carried out in the dark room. The ether extract of the neutral solution yielded only a 
dark tar, but the precipitate filtered off first was recrystallised from petrol to give dull yellow 
needles (0-10 g.), m. p. 75°, Vmax, 2090 cm.! (Found: C, 70-3; H, 4:4; N, 16-5. Calc. for 
CyH,N,O: C, 70-6; H, 3-5; N, 165%). (The m. p. agrees with that reported by Bamberger ® 
for the 2,1-diazo-oxide.) Since it was expected that the main product would be the 1,4-diazo- 
oxide the 2,1-diazo-oxide was synthesised from 2-naphthalenediazonium chloride by oxidation 
with potassium ferricyanide according to Bamberger’s method.’ The product was identical 
with that described above (mixed m. p. and identical infrared spectra). The 2,1-diazo-oxide 
couples slowly with sodium 1-naphthoxide in ether; the dye so obtained, though similar, is 

? Bamberger, Ber., 1922, 55, 3383. 

8 Bamberger, Ber., 1894, 27, 679. 
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not identical with that obtained via the synthesis of 4,4’-dihydroxy-1,l’-azonaphthalene, 
described above. 


The authors thank the Department of Scientific and Industrial Research for the award of a 
maintenance grant (to B. W.). 
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858. The Formation of Aromatic Hydrocarbons at High Temperatures, 


Part IX.* The Pyrolysis of Toluene, Ethylbenzene, Propylbenzene, 
and Butylbenzene. 


By G. M. BApGER and T. M. Spotswoop. 


Pyrolyses of toluene, ethylbenzene, propylbenzene, and butylbenzene 
have given the compounds listed in the Table. The yields of higher poly- 
cyclic hydrocarbons varied with the nature of the aliphatic side chain, and 
mechanisms of formation based on scission of molecules to radical inter- 
mediates and re-synthesis are proposed. The highest yields of the carcino- 
genic hydrocarbons 3,4-benzopyrene and 3,4-benzofluoranthene were obtained 
from butylbenzene. 


As a working hypothesis it was suggested ' that the formation of the carcinogenic hydro- 
carbon 3,4-benzopyrene (I) at high temperatures may involve two C,—C, units (II). Tars 
formed by the pyrolysis of phenylbutadiene ? and of tetralin * have already been investig- 
ated, and the pyrolysis of butylbenzene is now reported. In order to provide further 
data on the modes of formation of polycyclic aromatic hydrocarbons, the tars produced 
by the pyrolysis of toluene, ethylbenzene, and propylbenzene have also been investigated. 


ae oS 3 


The pyrolyses were carried out by passing the hydrocarbon vapour, with nitrogen, 
through a silica tube filled with porcelain chips at 700°. The resulting tars were formed 
in 95, 77, 65, and 56% yield severally, and methane and ethylene were identified among 
the exit gases in each case. The tars were analysed, as previously described,!* by distil- 
lation, gas-liquid chromatography, chromatography on alumina, and on partially acetylated 
cellulose,t chromatography on acetylated paper, and spectroscopy. The compounds 
identified, and the percentage compositions, are given in the Table. 





(IT) 


Ph*CHy*CH,*CH,"CH, ——B Ph: + -CH,°CHyCH,'CH, . . . . . . . (I) 
Ph*CHy*CH,*CH,*CH, ——B Ph°CH,* + *CHyCH CH, . . . . . . - 
Ph*CHy*CH,*CH,*CH, ——B Ph'CH,CH, ++ -CHyCH, . . . . . . - Q) 
Ph*CHy*CH,*CH, ——> Ph: + *CHyCHyCH, . . . . «ee OA) 
Ph*CH,°CH,*CH, ——B PhCH,*+*CHyCH, . ....... 
Ph‘CHyCH, —m Ph'+-CHyCH, ......2.-2.. 6 

PirCH CH, —t PrCHe + CH, wt et G 
PrCHa—B P+ CH, 2 st tt tll eG 
PrCHp——B PrCHe +H 2. 5 tt tte tC 


* Part VIII, J., 1960, 2825. 13 
' Badger, Buttery, Kimber, Lewis, Moritz, and Napier, /., 1958, 2449. 

2 Badger and Spotswood, /., 1959, 1635. 

% Badger and Kimber, J., 1960, 266. 

4 Spotswood, J. Chromatog., 1959, 2, 90; 1960, 3, 101. 
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Compounds identified in tars produced by the pyrolysis of toluene, 
ethylbenzene, propylbenzene, and butylbenzene. 


Yield (% of tar formed) 








Compound PhMe PhEt PhPr® PhBu® 
IIs. h.5<iicrvenstnigs9htmicspaiennpeentabio Trace Trace 0-37 
EE, sadtdies vcvuswentcanqndvassscteteuewnobaan Trace 0-02 0-03 
PND § 1 Fad ida jibivcciceente iv ddvecddsssiobasbucbeted 0-009 0-88 0-73 0-93 
REROROOING CF) anes csiccscscasccccsstpesiegpaorines 0-012 Trace 
IDE aiccncpscscecesbeasheresnersuaonns 0-014 0-46 0-62 0-19 
ST diac sh ain Lianaiabtansincbovkeerhnasnsastiorsenerns 2-54 34-8 14-6 31-1 
$,4-Benzofluoranthene ................cccccsccccceseess 0-002 0-072 0-198 0-32 
BE FIND oo cpdcectccedacdeqedecsautan’ Trace 0-02 0-076 0-30 
BE Be EOD 6 ooo csicceccscicccscccosicevces Trace 0-03 0-085 0-50 
PIII 50s kc dn ddb abutierdaecenceibanaeteaice 0-007 0-42 0-85 0-57 
OT iL.) ssn ciidendupesiunsobddapieesabiess 0-017 0-79 1-76 0-96 
NII © sci cevinsscaccocsutnseocsecsnetiverst 0-03 0-10 0-52 
SMI <rnsavakevcosacenssceneieshaasensneeees 0-002 0-05 0-19 0-61 
II. <nnciactanns iaboanenbnsitessenmpinanain’ 0-002 0-065 0-17 0-92 
EE vocnsccscccaverveteccuarpehesseseess 0-035 0-15 
CA VOIED ov cvcieocticscsccssesscessswcessbuctneceenedechdens 0-03 0-55 0-96 1-82 
EMI. “vas extensaccendnercdnnngurconcnenseeseccite Trace 0-12 0-14 0-27 
B,S:5,6-DADOMZAMEATACEMC oo... ce cccccccccccccccesces 0-054 0-16 0-08 
A IONS | ans is isc sncsndiseissedessedece 0-02 
eg IES ooo 5g. occnncersonancieessons 0-005 
NII aces. ttiidsct sectenncessssabeqenecevpsonscsisaseannds 1-00 2-20 3-20 0-37 | 
Oe RIF EOORYS 6.050000 ccserccesescerisescousnens 0-99 
Bi EE cnwaksinanacadesiecdenpubesvénceseshecseyes 0-19 
i Pe Kicisccveccckscscnccnctentecgaceserdenesds 0-45 0-48 0-76 
NE inicivinienosusipabnesiohaneenctioebeaisageuededunene 0-27 311 1-61 2-80 
NN vciccvcsasesiscesasecdieccssiscesisiawbuawuie 0-76 0-75 0-24 
IY 5 kdnninkdcedicescdetdesBhntnscnttncndatsasans Trace 0-34 0-67 1-07 
NR ODD. cxccncinsintesbasecuneebbuidecsinies Trace Trace 
IE tech i hhnsn ob mcenhanidie isis bdpiienmitaiii sities adprtaias 0-085 0-53 0-40 0-58 
SEE. sssuttebuiteousastsexsnincrcicceccastelansseer seine 0-41 1-31 1-10 
IO boii csiassibs ces céccdedscctcctinseee 0-31 
1- and 2-Methylnaphthalene ......................4. 0-01 0-36 0-10 
PEED ise gresdadnscoccvecctsqdiesspeeusan 0-16 0-43 0-28 
MIU Bods hdy duc ccnecueccdcctbevdscstescbebebcvines 0-042 4-54 3-43 21-0 
NID cisaxeibinsm deniiined Kop busin wdethaesdi Geese 0-012 0-015 0-13 
NE a, ot crak capnuadundateiunrenedtatgoaisihs 0-12 14-3 14-0 13-5 
LED, vcccssovuscvyennchenesesspesesess 0-24 0-19 
Pe OOIND i dciesisecissccciervesebiedesseseces 0-017 0-03 
4,5-(o-Phenylene)fluoranthene —..............0.0000 0-006 0-018 
2,3-(0-Phenylene) pyrene ............csscsccccscesccees 0-068 0-13 0-29 
GMD ccccccccvctnccsescscsccscncinsss 0-47 1-20 0-13 
cc scsduiberncatascbebscgbidesisheshsessssidselalbinge Trace 0-33 0-21 2-0 
ING BID. sg ccanniicoviiesassbeprnnntsectesteesmnesvie Trace 
EE \uhissinanedhabsacnieiegaiwonierapianneeeainigeiey 0-44 0-15 0-22 0-24 
MEE ‘dncckcnwesvesa>eutsutsestsleceuecassaecseosseedaens 0-11 * 9-9 14-7 2-7 
IE santcdi bikin cesokthanedaspedcadiae Adwusbbnaeeah 93-5 21-6 33-0 7-5 
SIIIIUD Kbinceacicascsecenintenissasabetcegnacaciile 0-06 0-27 
PE. cil dncdths 5 crekaa saevahdchehsiebapisuadeienienial 0-05 0-12 0-30 Trace 
EE OT TO Ei iasitcicveecacaensicsatebaiowiaien 0-7 1-9 2-2 4-0 


* Mixture of o-xylene and styrene. 


The C-H bonds in the methyl group of toluene have a dissociation energy of 78 kcal./mole, 
that for the C-Me group being 89 kcal./mole.5 The initial decompositien of toluene at 
high temperatures would therefore be expected to occur predominantly by scission of a 
C-H bond to give a benzyl radical. For the other alkylbenzenes, scission of a C-C bond 
is a lower-energy process (dissociation energy 60—80 kcal./mole) than C-H scission (90— 
100 kcal./mole), and the former would therefore be preferred. Szwarc® has suggested 
that the initial decomposition of ethylbenzene, propylbenzene, and butylbenzene occurs 
exclusively by scission of a C-C bond to give benzyl radicals, as these are known to be 


5 Cottrell, ‘‘ The Strengths of Chemical Bonds,’’ Butterworths, London, 1954. 
* Szwarc ef al., J. Chem. Phys., 1948, 16, 128; 1949, 17, 431; 1952, 20, 403, 407. 
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relatively stable. However, the large yield of benzene on pyrolysis of ethyl-, n-propyl-, 
and butyl-benzene suggests that scission to yield phenyl radicals must also be important. 
Indeed, scission of the bond linking the side chain to the bulky aromatic nucleus might 
be expected to be increasingly preferred with increasing chain-length. Scission of other 
C-C bonds may be less important. However, there may also be a preference for the 
removal of a two-carbon fragment; this would explain the relative yields of benzene and 
toluene. It seems likely that equations 1—9 represent the most important reactions for 
the initial decomposition of the alkylbenzenes studied. 

The resulting “ primary ”’ radicals must undergo chain-terminating (radical recombin- 
ation) and chain-propagating reactions or disproportionation. Loss of hydrogen from 
ethyl and butyl radicals would give ethylene and butadiene respectively. Hydrogen 
abstraction from the starting material by any radical would also be an important reaction, 
and with ethyl-, propyl-, and butyl-benzene this would be expected to occur preferentially 
at an a-carbon atom, ¢.g.: 


Ph*CH,*CH,*CHy°CH, + *R ——B RH + Ph°CHCH,'CH,CH, . . ~~ (10) 


The “ secondary ” radicals so formed would lose hydrogen, or an alkyl radical, to give 
styrene and other unsaturated products (e.g., reactions 11—13). Some styrene was found 
in the present tars, and it may also be noted that hydrogen abstraction reactions (such as 
10) probably account for most of the benzene, toluene, and ethylbenzene found. 


PheCH*CHy*CH,°CH, —— Ph‘CH=CH'CHyrCH, +H... wee OND 
Ph*CH*CH,*CH,*CH, ——B> Ph‘CH=CH'CH,+°CH, . . . . ~~ - (12) 
Ph*CH*CH,*CH,°CH, ——B> PhCH=CH, + CH=CH, +°H . . we (13) 


The recombination of primary radicals would explain the presence of several of the 
observed products. Recombination of phenyl radicals, for example, would account for 
most of the biphenyl; and recombination of benzyl radicals would account for most of 
the bibenzyl and (by subsequent dehydrogenation) of the stilbene formed. 4,4’-Dimethyl- 
biphenyl could arise from two benzyl radicals by coupling in the fara-position; and 
4-methylbiphenyl could be formed by phenyl-radical attack on a benzyl radical. Fluorene 
probably arises from phenyl and benzyl radicals via diphenylmethane. Independent 
pyrolysis of the latter hydrocarbon has been shown to yield fluorene.? The benzofluorenes 
found in the tars may be formed from benzyl radicals and naphthalene (or its equivalent). 

Some phenanthrene could be formed by cyclisation of bibenzyl or of stilbene; but the 
small yield of phenanthrene obtained by the pyrolysis of toluene suggests that this cannot 
be an important reaction with these compounds. It is suggested that most of the 
phenanthrene found may be formed by addition of a phenyl radical to styrene to give the 
intermediate (III), followed by cyclisation. Some phenanthrene and anthracene could 
also arise by reaction of butadiene with a naphthyl or hydronaphthyl radical. 


%8BE 


(ITI) (IV) (Vv (VI 


Cyclisation of a phenylbutenyl radical or a phenylbutadienyl radical would give 
naphthalene. The pyrolysis of phenylbutadiene has been shown to yield naphthalene in 
excellent yield,? and it is significant that among the alkylbenzenes now studied the highest 


7 Meyer and Hofman, Monaish., 1916, 37, 681; Graebe, Ber., 1873, 6, 127. 
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yield of naphthalene was obtained from butylbenzene. However, the presence of 
naphthalene in the tars produced by the pyrolysis of toluene, ethylbenzene, and propyl- 
benzene indicates that chain re-synthesis must occur to an appreciable extent, probably 
by reactions of the type 14—17. 


Ph: + CH=CH, ——® PrCH,CH, . ........ (4 

Ph°CH,* + CH=CH, ——B PhCH,CH,CH, . . . .. . . (5) 
Ph*CH,*CH,* + CH,=CH, ——t Ph'CH,CHyCH,CH, . 2... . (16) 
Ph: + CH,=CH-CH=CH, —— Ph'CH,CH=CH'CH, . . . . . . (17) 


The naphthalene and naphthalene equivalents formed would be expected to undergo 
further reactions. Binaphthyls are known to be formed by the pyrolysis of tetralin * 
and of naphthalene,® and tetralyl or naphthyl radicals are presumably the intermediates 
which combine to give the observed products. The binaphthyls found in the present series 
of experiments are probably formed in the same way. The small amounts of perylene 
(IV), 10,11-benzofluoranthene (V), and 11,12-benzofluoranthene (VI) detected in the tars 
probably arise by cyclodehydrogenation of binaphthyls. The benzofluoranthenes have 
been observed after pyrolysis of naphthalene; * and perylene is known to be formed by 
catalytic dehydrogenation of 1,1’-binaphthy]l.® 

The yield of fluoranthene (VII) was found to increase with the length of the alkyl 
chain. It is probably formed by cyclisation of 1-phenylnaphthalene,” or of an inter- 
mediate equivalent to this. The l-phenylnaphthalene could be formed by phenylation of 
naphthalene, from two styryl radicals, or by some similar process. 

The formation of 4,5-(0-phenylene)fluoranthene (VIII) can be explained by the phenyl- 
ation of fluoranthene and subsequent cyclodehydrogenation of the 4-phenylfluoranthene. In 
the same way, phenylation of pyrene (to give 3-phenylpyrene), followed by cyclodehydro- 
genation, would give 2,3-(0-phenylene)pyrene (IX); and the phenylanthracene observed 
in some tars may be formed by phenylation of anthracene. In this connection it may be 


noted that 2,3-(0-phenylene)pyrene has been found after pyrolysis of a mixture of pyrene 
and benzene." 


Be 0 
B Bo & & & 
Bp oe 


(X) (XI) (XU) 


(VID 
(VIIT) 


The mode of formation of pyrene (XII) presents a problem of particular difficulty. 
Weizmann et al.!2 proposed the union of two styrene molecules, by analogy with the 
formation of pyrene from m-xylene; * but the pyrolysis of styrene gave only a small 
yield of pyrene. Relatively large yields of pyrene have been obtained by pyrolysis of 
butadiene * and of acetylene,® and in the present studies butylbenzene was the only 
alkylbenzene to give a good yield of this hydrocarbon. It seems likely that a four-carbon 
unit must be the intermediate; two such units would give a molecule or radical related to 


® Lang and Buffleb, Chem. Ber., 1957, 90, 2888. 

® Orchin and Friedel, J. Amer. Chem. Soc., 1946, 68, 573. 

” Orchin and Reggel, J. Amer. Chem. Soc., 1947, 69, 505. 

" Lang and Buffleb, Chem. Ber., 1957, 90, 2894. 

2 Weizmann et al., Ind. Eng. Chem., 1951, 48, 2312, 2318, 2322, 2325. 
’ Baker, McOmie, and Norman, J., 1951, 1114. 

“ Badger and Buttery, J., 1958, 2458. 

% Badger and Spotswood, this series, Part XI. 

6 Badger, Lewis, and Napier, J., 1960, 2825. 
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vinylcyclohexene, and two of these C.-C, units would be expected to react (as in X) to 
yield a tetracyclic molecule (XI) and finally pyrene (XII). 

Only small yields of 3,4-benzopyrene were obtained on pyrolysis of toluene, ethyl- 
benzene, or propylbenzene; but a relatively high yield was obtained from butylbenzene, 
This is in accord with the view that 3,4-benzopyrene may be formed from two C.-C, units, 
as in (II). 

Other mechanisms may also be of importance, especially in particular cases. Pyrolyses 
of acetylene,'® butadiene, and butylbenzene, for example, have been found to give rela- 
tively high yields of both pyrene and 3,4-benzopyrene, and in such cases most of the 3,4. 
benzopyrene and pyrene could be formed from a common intermediate. An intermediate 
such as (XI), for example, would yield pyrene on dehydrogenation; but reaction with 
butadiene followed by dehydrogenation would yield 3,4-benzopyrene. This alternative 
mechanism may account for much of the 3,4-benzopyrene formed in the tars from acetylene, 
butadiene, and butylbenzene; in the pyrolysis of some other hydrocarbons (¢.g., tetralin) 
the yield of pyrene was small and formation as indicated by (II) may be of major importance. 


EXPERIMENTAL 


Materials for Pyrolysis.—Toluene and ethylbenzene were pure laboratory reagents, further 
purified by fractional distillation. Propylbenzene and butylbenzene were prepared by reduc- 
tion of propiophenone and butyrophenone respectively by the Huang-Minlon modification of 
the Wolff-Kishner method; the ketones were prepared from benzene by the Friedel-Crafts 
method. Purification was effected by fractional distillation. In each case the purity of the 
hydrocarbon was confirmed by gas-liquid chromatography. 

Pyrolysis of Toluene.—Toluene (100 g.) was vaporised at 7 g./hr. by dropping the liquid 
directly into the pyrolysis tube (40” x 0-75” internal diameter),’»? and the vapour was carried 
through the tube which was kept at 700°. The resulting tar (94-5 g.) was distilled to give the 
following fractions: A, b. p. 80—110° (9 g.); B, b. p. 110—140° (68 g.); C, b. p. 40—60°/35 mm. 
(9-8 g.); C, b. p. 60—120°/35 mm. (6-6 g.); and E, a residue (1-1 g.). The lighter fractions were 
separated and identified by gas-liquid chromatography. The residue was chromatographed 
on alumina; the early fractions from this were then submitted to gas—liquid chromatography, 
and the later fractions were examined by chromatography on acetylated paper.‘ The exit 
gases were examined by infrared spectroscopy. The Table summarises the compounds identified. 

Pyrolysis of Ethylbenzene.—Ethylbenzene (100 g.) was pyrolysed by the method used for 
toluene. The resulting tar (77-5 g.) was distilled to give the following fractions: A, b. p. 
80—120° (35-3) g.; B, b. p. 40—60°/40 mm. (11 g.); C, b. p. 60—100°/35 mm. (2-2 g.); D, b. p. 
100—120°/35 mm. (4 g.); and E, a residue (25 g.). The fractions were analysed as previously 
described, and the compounds identified are listed in the Table. 

Pyrolysis of Propylbenzene.—Propylbenzene (100 g.) was pyrolysed by the method used for 
toluene. The resulting brown liquid tar (65-5 g.) was distilled to give the following fractions: 
A, b. p. 80—120° (23-8 g.); B, b. p. 40—70°/35 mm. (16-7 g.); C, b. p. 70—130°/35 mm. (5g); 
and D, a residue (20 g.). The fractions were analysed as previously described, and the com- 
pounds identified are listed in the Table. 

Pyrolysis of Butylbenzene.—Butylbenzene (80 g.) was pyrolysed as usual and gave a dark 
brown liquid tar (46 g.). Distillation gave the following fractions: A, b. p. 60—80° (4 g.); 
B, b. p. 80—110° (14 g.); C, b. p. 80—120°/35 mm. (5 g.); D, b. p. 120—135°/35 mm. (7 g.); 
and E, a residue (16 g.). Analysis by the methods previously described gave the results sum- 
marised in the Table. 

Analysis.—In all four pyrolyses the infrared spectrum of the exit gases showed the presence 
of methane and ethylene together with traces of other hydrocarbons. The liquid and solid 
fractions were examined by gas-liquid chromatography, chromatography on alumina, chrom- 
atography on partially acetylated cellulose powder and by chromatography on acetylated paper, 
as previously described. 

Details of Identification.—The identifications were carried out on the products of all four 
tars; the following details are typical and (except for the compounds marked *) refer to the 
butylbenzene pyrolysis. Unless otherwise stated, spectra agreed with those of authentic 
specimens. 
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Benzene. Isolated by gas-liquid chromatography, it had infrared maxima (liquid film) 
at 2:38, 2°46, 3-23, 3-29, 4-21, 4-30, 4-39, 4-53, 5-11, 5-70, 5-98, 6-31, 6-54, 6-75, 7-17, 8-50, and’ 9-65 pu. 

Toluene. Its infrared spectrum (liquid film) showed maxima at 2-41, 2-72, 3-28, 3-39, 
3-41, 3-63, 3-84, 5-10, 5-34, 5-50, 5-74, 6-22, 6-35, 6-57, 6-70, 6-83, 7-25, 7-61, 8-00, 8-26, 8-50, 
8-62, 9-02, 9-23, 9-60, 9-70, 11-20, 11-85, 12-78, 13-75, and 14-42 yu. 

Styrene. Its infrared spectrum (liquid film) showed maxima at 2-40, 3-22, 3-27, 5-08, 5-30, 
5-46, 5-76, 5-90, 6-10, 6-21, 6-31, 6-50, 6-70, 6-90, 7-05, 7-48, 7-58, 7-74, 8-30, 8-46, 8-65, 9-02, 
9-22, 9-80, 10-09, 11-0, 11-90, 12-90, and 14-37 yu. 

Ethylbenzene and p-xylene. These two compounds were identified by comparison or reten- 
tion times with those of authentic specimens. Insufficient separation was obtained between 
the two peaks to permit clean fractionation; but the infrared spectrum of the mixture was 
consistent with the identification made. 

Indene. Its infrared spectrum (in CCl,) showed maxima at 3-21, 3-39, 3-51, 5-10, 5-18, 
§:23, 5-32, 5-40, 5-52, 5-80, 5-98, 6-18, 6-82, 7-14, 7-31, 7-49, 7-60, 7-84, 7-88, 8-17, 8-30, 8-56, 
§-62, 8-90, 9-42, 9-81, 10-54, 10-90, and 11-60 u. 

Naphthalene. This has m. p. and mixed m. p. 79—80°. Its ultraviolet absorption spectrum 
showed maxima at 248, 257, 266, 275, 285, and 311 mu. 

1- and 2-Methylnaphthalenes. ‘These compounds were identified by comparison of their 
retention times with those of authentic specimens. The compounds were insufficiently resolved 
to allow them to be collected separately, and no further identification was attempted. 

Biphenyl. Its infrared spectrum (in CCl,) showed maxima at 2-46, 3-27, 3-32, 3-40, 3-46, 
5-08, 5-12, 5-26, 5-31, 5-35, 5-46, 5-56, 5-65, 5-75, 5-98, 6-04, 6-76, 6-88, 7-00, 7-26, 7-74, 7-97, 
8-16, 8-48, 8-52, 9-27, 9-60, 9-70, 9-90, 10-10, 10-40, 10-88, and 11-3 u. 

4,4’-Dimethylbiphenyl.* Separated following chromatography of the toluene tar this 
compound gave an infrared spectrum with maxima at 3-20, 3-32, 5-10, 5-20, 5-30, 5-50, 5-90, 
6-20, 6-70, 6-88, 7-10, 7-20, 7-60, 7-68, 7-76, 7-90, 8-02, 8-40, 8-54, 8-70, 9-00, 9-12, 9-30, 9-60, 
9-70, 9-80, 9-94, 10-40, 11-12, 11-35, 11-60, and 12-20 uw (in CCl,). The recorded spectrum ?’ is 
not sufficiently clear to enable the identity of this compound to be established with certainty. 

Alkylfiuoranthene(?).* An eluate from paper chromatograms showed maxima at 238, 247, 
255, 263, 274, 290, 311, 325, 346, and 360 mu. The general shape of the spectrum corresponded 
closely to that of fluoranthene, and further identification was not attempted. 

4-Methylbiphenyl.* Isolated by gas-liquid chromatography, it gave infrared maxima at 
3:22, 3-31, 5-07, 5-24, 5-28, 5-31, 5-48, 5-60, 5-70, 6-20, 6-70, 6-84, 6-92, 7-20, 7-50, 7-84, 8-46, 
9-32, 9-55, 9-70, 9-90, 10-1, 10-9, 11-1, 11-3, and 11-7 uw (in CCI, soln.), in substantial agreement 
with the recorded spectrum. 

2-Methylstyrene(?).* Isolated by gas-liquid chromatography, it gave infrared maxima at 
3-28, 3-38, 3°42, 3-62, 5-10, 5-20, 5-30, 5-42, 5-83, 6-10, 6-30, 6-40, 6-60, 6-70, 6-90, 7-00, 7-10, 
7-20, 7-55, 7-80, 8-30, 8-44, 8-57, 8-60, 8-92, 9-10, 9-70, 9-80, 10-1, and 11-0 uw (in CCl,). The 
general appearance of the spectrum corresponded to that of an alkylstyrene but differed from 
the spectra of «- and $-methylstyrene. 

Acenaphthylene. Isolated by gas-liquid chromatography it gave ultraviolet maxima at 
265, 308, 324, 333, and 340 mu. 

Bibenzyl. Its infrared spectrum (in CCl,) showed maxima at 2-40, 3-24, 3-35, 3-45, 5-11, 
5-29, 5-53, 5-65, 5-92, 6-74, 6-90, 7-24, 7-50, 8-52, 9-30, 9-75, 10-84, and 11-3. Bands at 7-00 
and 7-04, and reinforcement of the band at 3-24 u (traces of biphenyl) were also observed. 

Fluorene. Isolated by gas-liquid chromatography it showed ultraviolet absorption maxima 
at 261, 290, and 301 mu. 

2-Phenylnaphthalene. A sample from the gas-liquid chromatogram showed absorption 
maxima at 250 and 295 my. The identification was confirmed by comparison with an authentic 
specimen on acetylated paper. 

Stilbene. This was identified by comparison of its retention time with that of an authentic 
specimen. A sample isolated from an extract from paper chromatograms by microsublimation 
had m. p. and mixed m. p. 119—124°. 

Phenanthrene. Isolated after chromatography on a column of partially acetylated cellulose, 
this had absorption maxima at 243, 252, 274, 281, and 294 mu. It had m. p. and mixed m. p. 
98—100°. 

Anthracene. This was identified by chromatography on a column of partially acetylated 

7 Cannon and Sutherland, Spectrochim. Acta, 1951, 4, 373. 
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cellulose followed by paper chromatography. It could not be obtained free from traces of 
phenanthrene, but showed the characteristic long-wavelength bands at 340, 357, and 376 my. 
Subsequent analysis on a 90 cm. column of partially acetylated cellulose (34—36% acetyl) 
gave almost pure anthracene, showing maxima at 252, 308, 323, 339, 356, and 376 mu. 

Alkylanthracene (?).* An extract from paper chromatograms (ethylbenzene pyrolysis) 
showed absorption maxima at 255, 342, 360, 380 mu, consistent with those of an anthracene 
derivative. 

Alkylphenanthrene (?).* Very small amounts of a compound related to phenanthrene were 
found in fractions obtained by chromatography on a column of partially acetylated cellulose 
(ethylbenzene and propylbenzene pyrolyses). An extract from paper chromatograms showed 
maxima at 244, 254, 276, 283, and 297 muy, but further identification was not possible. 

9-Phenylanthracene.* An extract from paper chromatograms showed maxima at 258, 346, 
366, and 385 mu; but the spectrum in the 220—280 my. region was complicated by the presence 
of impurities. The identification was confirmed by the fluorescence spectrum which was 
identical with that of an authentic specimen. 

Pyrene. An extract from the paper chromatogram showed maxima at 231, 242, 252, 262, 
272, 305, 318, and 335 my. Traces of phenanthrene were difficult to remove from this com- 
pound but chromatography on a 90 cm. column of partially acetylated cellulose (34% acetyl) 
gave a relatively pure compound showing no extraneous absorption in the 220—360 my region. 

Fluoranthene. A sample isolated by chromatography on a column of partially 
acetylated cellulose was purified by microsublimation and had m. p. and mixed m. p. 106— 
108°, Amax, 237, 245, 253, 262, 272, 288, 309, 324, 343, and 359 mu. 

1,1’-Binaphthyl. An extract from paper chromatograms showed maxima at 221, 284, and 
295 mu. 

2,2’-Binaphthyl. An extract from paper chromatograms was purified by microsublimation 
and had m. p. 178—182° (lit., 188°), Amax, 254 and 308 mu. 

Triphenylene. An extract from paper chromatograms showed absorption maxima at 250, 
257, 274, 286, 316, 331, and 340 mu. 

1,2-Benzofluorene. An extract from paper chromatograms showed absorption maxima at 
253, 262, 293, 302, 316, 328, and 342 mu (cf. ref. 18). 

2,3-Benzofluorene. An extract from paper chromatograms showed absorption maxima at 
255, 263, 272, 284, 303, 318, 334, and 340 mu. 

1,2-Benzanthracene. Isolated by chromatography on a column of partially acetylated 
cellulose this compound had m. p. and mixed m. p. 156—158°, Amax, 227, 254, 267, 278, 289, 300, 
315, 326, 341, and 358 mu. 

Chrysene. Isolated by chromatography on a column of partially acetylated cellulose 
this was recrystallised and had m. p. and mixed m. p. 253—255°, Amax, 242, 258, 268, 283, 294, 
306, 320, 344, 350, and 361 mu. 

Alkylchrysene. An extract from paper chromatograms had an ultraviolet absorption 
spectrum similar in appearance to that of chrysene, but with maxima at 243, 260, 271, 296, 
307, 322, 352, and 363 mu. 

3,4-Benzofluoranthene. Isolated by chromatography on a column of partially acetyl- 
ated cellulose this had m. p. and mixed m. p. 162—165°, Amax, 238, 256, 266, 276, 289, 293, 301, 
320, 338, 350, and 369 mu. 

10,11-Benzofluoranthene. An extract from paper chromatograms showed maxima at 226, 
242, 282, 292, 308, 318, 332, 344, 365, 376, and 383 mu (cf. ref. 19). 

11,12-Benzofluoranthene. Identified after chromatography on a column of partially acetyl- 
ated cellulose, this showed absorption maxima at 240, 269, 283, 297, 308, 361, 383, and 401 mu. 
The fluorescence spectrum of an extract from paper chromatograms was identical with that 
of an authentic specimen and showed maxima at 409, 432, 467, and 500 mu. 

1,2-Benzopyrene. An extract of paper chromatograms showed maxima at 237, 257, 267, 
278, 289, 304, 317, 332, and 366 mu (cf. ref. 19), but the compound could not be obtained free 
from traces of perylene (maxima at 405 and 434 my). 

3,4-Benzopyrene. Isolated by chromatography on a column of partially acetylated 


18 Friedel and Orchin, “‘ Ultraviolet Spectra of Aromatic Compounds,’”’ Wiley, New York, 1951. 
* Clar, “ Aromatische Kohlenwasserstoffe,’’ Springer, Berlin, 2nd edn., 1952. 
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cellulose, followed by recrystallisation and microsublimation, this had m. p. and mixed m. p. 
173—175°, Amax, 254, 264, 273, 279, 284, 296, 347, 364, 384, and 404 mu. 

Perylene. An extract from paper chromatograms showed the typical long-wavelength 
absorption spectrum for perylene with maxima at 366, 386, 405, and 434 mu; but the complete 
spectrum could not be obtained. The fluorescence spectrum of an extract purified by repeated 
paper chromatography showed bands at 445, 475, and 502 my in agreement with those of an 
authentic specimen. 

1,12-Benzoperylene. An extract obtained by chromatography on alumina was purified 
through the picrate, and the recovered material was chromatographed on acetylated paper. 
An extract showed maxima (in C,H,) at 292, 304, 332, 348, 368, and 389 mu. 

1,2:5,6-Dibenzanthracene. An extract from paper chromatograms showed maxima at 230, 
276, 287, 297, 320, 334, and 347 mu. 

3,4:8,9-Dibenzopyrene.* This was isolated (propylbenzene pyrolysis) by chromatography 
on a column of partially acetylated cellulose, and had m. p. 298—304° (lit., 308°). Its ultra- 
violet absorption spectrum showed maxima at 242, 256, 264 (in EtOH), or 291, 301, 314, 379, 
401, 424, and 452 my (in C,H,) (cf. ref. 19). 

3,4:9,10-Dibenzopyrene.* An extract from paper chromatograms (propylbenzene pyrolysis) 
showed absorption maxima at 221, 243, 272, 283, 294, 314, 330, 352, 372, and 393 mu. 

2,3-(0-Phenylene)pyrene. Isolated by chromatography on partially acetylated cellulose, this 
had m. p. 157—159° (lit., 163—-164°). Its ultraviolet absorption showed maxima at 246, 251, 
269, 274, 292, 304, 316, 360, 376, 385, and 406 mu (cf. ref. 11). On acetylated paper it had 
Ry 1-6 relative to 3,4-benzopyrene and appeared as a bright yellow fluorescent spot under 
ultraviolet light. 

3,4-Benzotetraphene. An extract from paper chromatograms showed maxima (in C,H,) at 
291, 307, 332, 350, 367, and 392 mu. It appeared as a blue-violet fluorescent spot on paper 
chromatograms under ultraviolet light, and had Rp 1-8 relative to 3,4-benzopyrene. 

4,5-(0-Phenylene)fluoranthene. Isolated after chromatography ona cetylated cellulose, this 
had m. p. 257—259° (lit., 261—262°) and its ultraviolet absorption spectrum had maxima at 
253, 263, 271, 276, 282, 287, 293, 316, 367, 380, 387, 401, and 410 mu (cf. ref. 19). 

Anthanthrene. This was identified by its characteristic absorption bands in the long- 
wavelength region at 401, 407, 421, and 431 mu. 

Ultraviolet Spectra.—Unless otherwise specified all ultraviolet spectra were determined for 
95% EtOH solution with an Optica CF, recording spectrophotometer. 
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859. The Formation of Aromatic Hydrocarbons at High Temperatures. 
Part X.* The Pyrolysis of 1-Phenylbuta-1,3-diene at 550°. 


By T. M. Spotswoop. 


Pyrolysis of 1-phenylbuta-1,3-diene at 550° has given a complex mixture 
qualitatively similar to that obtained at 700°, but containing some hydro- 
genated compounds. Some qualitative and quantitative differences are 
discussed and possible mechanisms of formation are outlined. 


THE pyrolysis of 1-phenylbuta-1,3-diene at 700° has already been reported! as part of 
an investigation of the mechanism of formation of the polycyclic aromatic hydrocarbons 
at high temperatures. Extensive decomposition of the starting material occurred at this 
temperature but its pyrolysis at 550° is now reported. 

The pyrolysis was carried out by passing phenylbutadiene vapour, with nitrogen, 

* Part IX, preceding paper. 

' Badger and Spotswood, /., 1959, 1635. 
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through a silica tube packed with porcelain chips at 550°. The exit gases were found to 
contain methane and ethylene, and the tar formed (in 85% yield) was analysed as pre- 
viously described! by distillation, gas chromatography, chromatography on alumina, 
chromatography on partially acetylated paper,? and spectroscopy. The following com- 
pounds were identified in the tar (% by wt. in parentheses): 1,2-benzanthracene (0-43), 
benzene (0-61), 3,4-benzofluoranthene (0-45), 10,11-benzofluoranthene (0-05), 11,12-benzo- 
fluoranthene (0-03), 1,2-benzopyrene (trace), 3,4-benzopyrene (0-07), chrysene (0-82), an 
alkylchrysene (trace), 1,1’-binaphthyl (0-14), 2,2’-binaphthyl (1-72), biphenyl (1-0), 
fluoranthene (0-22), naphthalene (49-0), perylene (trace), phenanthrene (6-8), 1-phenyl- 
but-2-ene (?) (7-8), l-phenylphenanthrene (0-33), 2-phenylphenanthrene (1-5), 4-phenyl- 
phenanthrene (?) (0-8), 9-phenylphenanthrene (3-36), 2-phenylnaphthalene (0-16), tetralin 
(18-6), and triphenylene (0-37). 

It was suggested previously ! that at 700° the primary scission of the phenylbutadiene 
molecule must give phenyl and butadienyl radicals (reaction 1), that the alternative 
scission to styryl and vinyl radicals (reaction 2) is of minor importance, and that the 
products of the pyrolysis were accounted for by secondary reactions of the radicals Ph,, 
Ph-CH:CH-CH:CH:, CH,:CH-CH‘CH,, together with naphthalene and the starting material. 
In the light of further information obtained from other pyrolyses in this series,*5 it now 
appears that scission according to reaction (2) may be the main source of several of the 
components identified. 


Ph*CH:CH*CH:CH, ——B Phi + *CHICHCH'CH, . . . .. .. (i) 


Ph*CH:CH*CH:CH, ——B Ph°CHICH:+ -CHICH, . . . .... @ 


Radical production by chain scission would be expected to be of smaller importance 
at 550°; but no unchanged phenylbutadiene could be identified in the products. Dimeris- 
ation of phenylbutadiene by a Diels-Alder mechanism has been reported,® and should 
have a high activation energy compared with those of radical-addition reactions;’ but 
the products expected from the dimerisation (the phenylphenanthrenes, for example) are 
obtained in greater yield from the 550° tar. However, if it is assumed that the radical 
formation from phenylbutadiene can occur by mechanisms other than chain scission, in 
a similar way to that proposed for the thermal initiation of styrene,’ for example (reactions 
3 and 4), formation of the the phenylphenanthrenes can be regarded as addition of the 
mesomeric phenylbutadiene radical Ph-C:CH-CH:CH, as illustrated in (I)—(IV). The 
configuration of the intermediates indicates the formulation of the reactions as Diels- 
Alder additions. 


2Ph*CH:CH*CH!CH, ——B> PheCICH*CH:CH, + PheCH*CH:CH'CH, . . . . Q) 
2Ph*CH:CH*CH:CH, ——B> Ph*CH:CH-C:CH, ++ Ph*CHICH-CH'CH, . . . . (4) 


The products in the 550° tar are similar to those obtained at 700°, but unlike those 
obtained by pyrolysis of aromatic compounds with a saturated side chain.* Although 
appreciable yields of biphenyl are obtained, probably by dimerisation of phenyl radicals, 
there is little benzene formed by abstraction of hydrogen. The low activation energy 
required for radical addition to phenylbutadiene apparently leads exclusively to this type 
of reaction; addition of a phenyl radical followed by cyclisation would account for the 


Spotswood, ]. Chromatog., 1959, 2, 90; 1960, 3, 101. 

Badger and Spotswood, preceding paper. 

Badger and Kimber, /., 1960, 266, 2746. 

Badger, Lewis, and Napier, ]., 1960, 2825. 

Alder, Haydn, and Vogt, Chem. Ber., 1953, 86, 1302. 
Trotman-Dickenson, ‘“‘ Gas Kinetics,’’ Butterworths, London, 1955. 
Walling, ‘‘ Free Radicals in Solution,”” Wiley, New York, 1957. 
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relatively high yields of fluoranthene obtained on pyrolysis at 700°. Similarly styrene ® 


gives relatively small yields of benzene on pyrolysis. 
SF 7 Ph 
— 
(111) iS 


coy 


(VI) 
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Hydrogenated products (tetralin and 1-phenylbut-2-ene) were obtained at 550°, but 
not at 700°, and must arise from hydrogenation of the intermediate dihydronaphthalene 
obtained in the ring closure of phenylbutadiene, and from phenylbutadiene, respectively. 
The formation of triphenylene, 1,2-benzanthracene, and chrysene was previously explained 
by assuming attack of a butadienyl radical on phenanthrene; but results obtained by 
Lang and Buffleb for a mixed pyrolysis of pyrene and benzene suggest that the extent 
of radical attack on phenanthrene would not be sufficient to account for the yields obtained, 
and formation by the addition of a styryl radical to phenylbutadiene is now proposed as an 
additional mechanism (V and VI). 

The formation of 3,4-benzofluoranthene has already been discussed, and similar 
mechanisms apply to the present pyrolysis. The mode of formation of this compound is 
of particular interest since it has recently been reported ™ to have strong carcinogenic 
activity. 

Traces of 10,11-benzofluoranthene, 11,12-benzofluoranthene, and perylene were 
identified, and re-examination of the 700° tar has established their presence in this tar 
also. These compounds probably arise by cyclisation of intermediates related to 1,1’- 
binaphthyl and 1,2’-binaphthyl in ways which have already been discussed,’ and the 2,2’- 
binaphthyl identified in the 550° tar (and in the 700° tar on re-examination) could arise 
by dimerisation of naphthalene or its precursors. 

A compound previously described as “‘ Compound I” obtained in the 700° tar has 
been identified, by improved fractionation methods, as a mixture of triphenylene with a 
small amount of 1,2-benzopyrene. 


EXPERIMENTAL 


Pyrolysis.—The method of pyrolysis has previously been described. Phenylbutadiene 
(33 g.) gave a semi-solid tar (28 g.), a non-volatile residue (1 g.) remained in the flash evaporator, 
and carbon (1-4 g.) was deposited in the reaction tube. The exit gases were shown to contain 
methane and ethylene by ipfrared spectroscopy, and the tar was analysed by distillation, 
chromatography on alumina, gas-liquid chromatography, and chromatography on partially 
acetylated paper ? in ways already described. 

The analytical methods used have been described in detail for other pyrolyses »*45 and 
details of identification are given only for compounds not previously identified in the products 
obtained by pyrolysis of 1-pheny)buta-1,3-diene at 700°. 

Details of Identification.—Benzene. Isolated by gas-liquid chromatography, it showed 


® Badger and Buttery, J., 1958, 2458. 
1° Lang and Buffleb, Chem. Ber., 1957, 90, 2894. 
" Kotin and Falk, Cancer, 1959, 12, 147. 
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infrared maxima at 2-38, 2°46, 3-23, 3-29, 4-21, 4-30, 4:39, 4-53, 5-11, 5°51, 5-70, 5-98, 6-31, 6-54, 
6-75, 7-17, 8-50, and 9-65 yu (liquid film) in agreement with an authentic specimen. 

Tetralin. Isolated by gas-liquid chromatography, it showed infrared maxima at 3-31, 3-4], 
3°47, 3-51, 3-54, 3-74, 4-44, 5-17, 5:24, 5-48, 5-55, 5-80, 5-95, 6-26, 6-35, 6-71, 6-90, 6-98, 7-41 
7-49, 7-80, 8-05, 8-12, 8-36, 8-54, 8-66, 9-00, 9-36, 9-65, 9-96, 10-15, 10-58, 11-14, 11-57, 12-25, 
12-44, 13-48, and 14-29 » (liquid film) in agreement with an authentic specimen. In addition 
bands at 7-80, 9-90, 10-6, and 12-8 u, characteristic of naphthalene, were observed. 

1-Phenylbut-2-ene (?). Isolated by gas-liquid chromatography, it had infrared maxima at 
3°30, 3-40, 3-50, 3-90, 4:12, 4-40, 4-83, 5-12, 5-32, 5-56, 5-72, 5-96, 6-04, 7-28, 7-41, 7-51, 7-61, 
7°80, 7:89, 8-08, 8-28, 8-48, 8-65, 8-88, 9-08, 9-32, 9-80, 9-89, 10-40, 11-02, 11-90, 12-0, 12-80, 
13-09, 13-52, 14-09, and 14-50 uw (in CCl,). The recorded spectrum ™ is not sufficiently clear 
to enable the identification to be made with complete certainty. 

1,1’-Binaphthyl. An extract from paper chromatograms showed maxima at 221, 282, and 
295 mu, in agreement with an authentic specimen, and a sample prepared by microsublimation 
had m. p. 137—141° (authentic 144—145°). 

2,2’-Binaphthyl. An extract from paper chromatograms showed maxima at 254 and 
308 my, in agreement with an authentic specimen. A sample prepared by microsublimation 
had m. p. 180—184° (authentic 188°). 

2-Phenylnaphthalene. Identified by comparison of retention ratios in gas-liquid chrom- 
atography with those of an authentic specimen, and confirmed by paper chromatography. An 
extract from paper chromatograms showed maxima at 250—251 and 295 mu. 

Phenylphenanthrenes. The identification of 9-, 2-, and 4-phenylphenanthrene has already 
been described. Confirmation was obtained by comparison with authentic specimens on 
acetylated paper. 1-Phenylphenanthrene was identified in the same way; an extract from 
paper chromatograms showed maxima at 246, 257, 290, and 300 my, in agreement with an 
authentic specimen. 

Perylene. This was identified in fractions containing 1,2-benzanthracene. An extract of 
the spot on paper chromatograms corresponding to 1,2-benzanthracene showed the typical 
long-wavelength spectrum of perylene with maxima at 386, 405, and 434 mu, and the fluorescence 
spectrum showed strong bands at 445, 475, and 502 my. in agreement with an authentic specimen. 

10,11-Benzofluoranthene. An extract from the high Ry, section of the spot corresponding 
to chrysene obtained in paper chromatograms was rechromatographed with extended develop- 
ment time and an extract showed maxima at 292, 308, 318, 332, 344, 365, and 383 mu, charac- 
teristic of 10,11-benzofluoranthene, and peaks at 242, 258, and 268 mu, characteristic of 
chrysene. The latter set of peaks was removed by the addition of small amounts of chrysene 
to the reference cell. 

11,12-Benzofluoranthene. An extract from paper chromatograms showed maxima at 240, 
269, 283, 297, 308, 361, 383, and 401 my in agreement with an authentic specimen. 

1,2-Benzopyrene. An extract from paper chromatograms showed maxima at 237, 257, 269, 
288, 303, 316, and 331 my in agreement with recorded values." 


This work has been carried out during the tenure of a grant from the Damon Runyon 
Memorial Fund. Iam also grateful to Mr. A. G. Moritz for the infrared spectra and to Professor 
G. M. Badger for his interest in this work. 


UNIVERSITY OF ADELAIDE, S. AUSTRALIA. [Received, March 28th, 1960.} 


12 Proell, J]. Org. Chem., 1951, 16, 178. 
13 Friedel and Orchin, ‘‘ Ultaviolet Spectra of Aromatic Compounds,” Wiley, New York, 1951. 
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860. The Formation of Aromatic Hydrocarbons at High Temperatures. 
Part XI.* The Pyrolysis of Buta-1,3-diene and of Buta-1,3-diene 
with Pyrene. 


By G. M. BapGER and T. M. Spotswoop. 


The tar produced by the pyrolysis of buta-1,3-diene has been found to 
contain 1,2- (0:31%) and 3,4-benzopyrene (0-34%), and numerous other 
polycyclic compounds have also been identified. The tar produced by the 
pyrolysis of a mixture of butadiene and pyrene contained similar amounts 
of the two benzopyrenes. Mechanisms for the formation of the polycyclic 
hydrocarbons are discussed in the light of this observation. 


DuRING investigations into the formation of 3,4-benzopyrene and other carcinogenic 
hydrocarbons by high-temperature pyrolysis, tars obtained by pyrolysis of styrene,} 
1-phenylbuta-1,3-diene,** tetralin,t indene,® toluene,® ethylbenzene, propylbenzene,® 
butylbenzene,® and acetylene * have been shown to contain a range of hydrocarbons of 
qualitatively similar composition. The yields of the higher polycyclic hydrocarbons in- 
creased with the length of the side-chain, and it has been proposed * that buta-1,3-diene 
may be the important intermediate in their formation. Many types of hydrocarbon 
yield buta-1,3-diene on pyrolysis, and Weizmann et al.® have identified it in the products 
of thermal cracking of petroleum fractions. As a further contribution, the pyrolysis of 
buta-1,3-diene ” is now reported; the tar obtained by pyrolysis of a mixture of buta-1,3- 
diene and pyrene has also been examined to test the adequacy of a hypothesis proposed 
by Weizmann et al.® in which the polycyclic hydrocarbons were assumed to be synthesised 
by successive Diels-Alder additions of buta-1,3-diene to simpler hydrocarbons. 

The pyrolysis of buta-1,3-diene was carried out by passing butadiene vapour, with 
nitrogen, through a silica tube packed with porcelain chips and maintained at 700°. The 
tar formed (in 52% yield) was analysed by distillation, gas-liquid chromatography, 
chromatography on alumina and silica gel, chromatography on columns of partially 
acetylated cellulose,!* chromatography on partially acetylated paper," and by spectroscopy. 

The following compounds were identified (% by wt. in parentheses): methane (—); 
ethylene (—); acenaphthylene (1-44); anthanthrene (0-1); anthracene (0-65); 1,2- 
benzanthracene (0-31); benzene (41); 3,4-benzofluoranthene (0-05); 10,11-benzo- 
fluoranthene (0-06); 11,12-benzofluoranthene (0-26); 1,2-benzofluorene (0-46); 2,3- 
benzofluorene (0-76); 1,12-benzoperylene (0-34); 1,2-benzopyrene (0-31); 3,4-benzopyrene 
(0-34); 3,4-benzotetraphene (0-04); chrysene (0-39); an alkylchrysene (0-10); 1,2:5,6- 
dibenzanthracene (0-07); bibenzyl (0-20); 2,2’-binaphthyl (0-40); biphenyl (2-09); 
ethylbenzene (0-12); fluoranthene (0-54); fluorene (1-67); indene (1-44); 4-methylbiphenyl 
(0-4); 1- and 2-methylnaphthalene (1-24); naphthalene (14-0); perylene (0-1); phenan- 
threne (4:2); 9-phenylanthracene (trace); 4,5-(0-phenylene)fluoranthene (0-008); 2,3-(0- 
phenylene)pyrene (0-19); 2-phenylnaphthalene (0-32); pyrene (1-0); stilbene (0-2); 


* Part X, preceding paper. 

Badger and Buttery, J., 1958, 2458. 

Badger and Spotswood, /J., 1959, 1635. 

Badger and Spotswood, preceding paper. 

Badger and Kimber, J., 1960, 266. 

Badger and Kimber, /., 1960, 2746. 

Badger and Spotswood, J., 1960, 2825. 

Badger, Lewis, and Napier, /.,’ , 

Egloff and Hulla, Chem. Rev., 1944, 35, 279. 

Weizmann ef al., Ind. Eng. Chem., 1951, 48, 2312, 2318, 2322, 2325. 
Cf. Murphy and Duggan, J. Amer. Chem. Soc., 1949, 71, 3347. 
Spotswood, J. Chromatog., 1959, 2, 90. 

Spotswood, J. Chromatog., 1960, 3, 101. 
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styrene (5-0); toluene (15-6); triphenylene (0-18); /-xylene (1-0) and traces of alkyl- 
phenanthrenes, -anthracenes, -fluoranthenes, and -pyrenes which could not be fully 
identified. 

The pyrolysis of a mixture of butadiene and pyrene was carried out by introducing 
a weighed amount of pyrene into the pyrolysis tube in such a position that the temperature 
in its immediate vicinity was 300—-350°; butadiene vapour was passed into the tube as 
before, and the mixed vapours, with nitrogen, were carried through the hot portion of the 
silica pyrolysis tube packed with porcelain chips and maintained at 700°. The tar formed 
(in 55% yield) was analysed in the usual way, but the gravimetric determinations were 
confined to 1,2-benzopyrene and 3,4-benzopyrene, which were obtained in 0-41 and 0-38% 
yield (based on tar formed) respectively. Qualitative examination of the remainder of the 
tar estabiished the presence of most of the compounds obtained in the tar formed from 
buta-1,3-diene alone. 

The nature of the initiation process in the thermal polymerisation of butadiene is 
unknown; mechanisms have been proposed for the reaction initiated by excited mercury 
atoms," but the results cannot be applied to the present pyrolyses since the whole of the 
excitation energy of the mercury atom (112 kcal./g.-atom) is available for transfer, and 
this is sufficient to break most carbon-carbon and carbon—hydrogen bonds. 

Under the present reaction conditions, free-radical formation would be expected and 
the presence of large amounts of methane in the exit gases indicates the presence of methyl 
radicals in the reaction system. Hydrogen abstraction from buta-1,3-diene would then 
lead to the radicals ~CH!CH-CH:CH, and CH,:C-CH:CH,, and these must be major com- 
ponents of the reaction system. Reaction of buta-1,3-diene with ethylene yields cyclo- 
hexene, and dimerisation of buta-1,3-diene produces 3-vinylcyclohexene; * these com- 
pounds and the radicals derived from them by hydrogen abstraction from the reactive 
allylic positions (I—III) must also be important components. The observed products 
can be reasonably explained on the basis of radicals and compounds derived from these 


intermediates. 
ee adit 
(1) ) 


(II) (LU 


The products obtained from the pyrolysis of buta-1,3-diene show a remarkable simi- 
larity to those obtained by pyrolysis of butylbenzene,® and it is thought that similar 
mechanisms may apply to both reactions, the observed variations in yields being a function 
of the differing state of hydrogenation of the important intermediates. Phenyl radicals 
and benzyl radicals must be produced in the primary decomposition of the butylbenzene 
molecule, but in the pyrolysis of buta-1,3-diene they must, of course, be produced in 
secondary reactions. In the present case, the cyclohexeny] radical (I) is the intermediate 
corresponding to the pheny] radical. 

Benzene and styrene would be readily obtained from cyclohexene and 3-vinylcyclo- 
hexene by dehydrogenation, and reaction of the radical (I) with methyl radicals could 
account for the toluene obtained. The relatively high yield of p-xylene obtained could 
arise by reaction of the radical CH,:C-CH:CH, with buta-1,3-diene (IV), with subsequent 
hydrogenation; biphenyl from reaction of two cyclohexenyl radicals followed by de- 
hydrogenation; and bibenzyl by reaction of two benzyl radicals. 

Reaction of the radical (III) with butadiene would yield acenaphthylene on dehydro- 
genation (V). It is notable that, of the other compounds pyrolysed in the present investig- 
ations, only butylbenzene ® gave measurable yields of this compound. Naphthalene could 


18 Collin and Lossing, Canad. J. Chem., 1957, 35, 778. 
'* Rowley and Steiner, Discuss. Faraday Soc., 1951, 10, 198. 
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be formed by the sequence of reactions (VI —»- IX); the yields were of the same order as 
from butylbenzene,® for which similar mechanisms involving a phenyl radical have been 


6 d a)-09-Co-00 


(VI) (VII) (VIII) (IX) 


Condensation of a cyclohexenyl radical with styrene or 3-vinylcyclohexene would yield 
phenanthrene (X), and the small yield of this compound may be ascribed to the degree 
of hydrogenation of the intermediates. 

The intermediate radical (VIII), and the octahydronaphthalene (IX), by dimerisation 
and radical addition, could yield 10,11-benzofluoranthene, 11,12-benzofluoranthene, and 
perylene (XI—XIII). 1,1’-Binaphthyl could conceivably be formed by similar processes, 
but it was not observed. However, its absence is not considered significant in view of the 
difficulty of identifying small amounts of this compound in the complex reaction mixture. 

2,2'- BinaphthyI i is known to be formed in moderate yield on pyrolysis of naphthalene,“ 
and it is probable that similar mechanisms apply in the present pyrolysis. Similar con- 
densations of 1,1’-binaphthyl to perylene ' and of 1,2’-binaphthyl to 10,11- and 11,12- 
benzofluoranthenes 1” have been reported as a result of catalytic cyclodehydrogenations. 

The formation of pyrene has already been discussed in connection with the pyrolysis 
of the alkylbenzenes,® and a mechanism involving dimerisation of the radical (IIT), or 


Sit samo 


(X) (XI) (XII) (X ITT) 


reaction of the radical with styrene, was proposed by analogy with the formation of pyrene 
from m-xylylene.48 A similar mechanism is suggested for the present pyrolysis (XIV —» 
XVI). 


The formation of 3,4-benzopyrene and 1,2-benzopyrene in the present pyrolysis is 


oO of 


(XVI) (XVII) 


thought to eter mainly by ae of butadiene to the hydrogenation intermediate 
(XV), or to the radicals derived from it. The relative yields of these two compounds 
would then depend on the stage at which dehydrogenation to an aromatic structure occurs, 
1 Lang and Buffleb, Chem. Ber., 1957, 90, 2888. 
% Orchin and Friedel, J. Amer. Chem. Soc., 1946, 68, 573. 


” Orchin and Reggel, J]. Amer. Chem. Soc., 1947, 69, 505, 
18 Baker, McOmie, and Norman, /J., 1951, 1114, 
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Mechanisms (XVII) involving the reaction of two C,—C, units previously postulated 6? 
may also be of importance and contribute to the formation of 3,4-benzopyrene. 

Chrysene and 1,2-benzanthracene could be formed by reaction of the C.-C, radical 
involved in the formation of naphthalene with either styrene or vinylcyclohexene (XVIII, 
XIX), and similar mechanisms are thought to apply in the pyrolysis of the alkylbenzenes, 


The formation of the other compounds identified has already been discussed in relation 
to other pyrolyses:1” fluoranthene could be formed by dimerisation of 3-vinylcyclo- 
hexene to give 1-phenylnaphthalene followed by cyclisation, a process known to occur 
under catalytic conditions;'” fluorene by ring closure of diphenylmethane; 4,5-(o. 
phenylene)fluoranthene by phenylation of fluoranthene or its precursors, followed by 
cyclisation; and 2,3-(0-phenylene)pyrene by phenylation of pyrene (to give 3-phenyl- 
pyrene) followed by cyclisation. Suitable mechanisms for the other C,, hydrocarbons 
identified (1,12-benzoperylene, 1,2:5,6-dibenzanthracene, 3,4-benzotetraphene, and 
anthanthrene) cannot yet be proposed. 

It has sometimes been suggested ® that the higher polycyclic hydrocarbons could be 
formed by successive Diels—Alder additions of butadiene to simpler hydrocarbons; but 
the results obtained from a mixed pyrolysis of buta-1,3-diene and pyrene suggest that 
this reaction is not an important synthetic route for the benzopyrenes. The small increase 
in yield observed was barely significant, and a much higher conversion would be required 
to account for the formation of 1,2- and 3,4-benzopyrene in the present series of pyrolyses. 


EXPERIMENTAL 

Pyrolysis of Buta-1,3-diene.—Buta-1,3-diene was transferred to a small pressure vessel 
which was connected to the pyrolysis apparatus already described.!® Butadiene vapour (7—9 
g./hr.), with nitrogen (1 ml./sec.), was passed through a silica tube (36 in. x 1 in.) packed with 
porcelain chips, maintained at 700°. A liquid tar (25 g.) was obtained from 49 g. of butadiene, 
and carbon (ca. 1 g.) was deposited in the pyrolysis tube. The tar was distilled to give the 
following fractions: (a) b. p. 80—100°/760 mm. (11-8 g.); (6) b. p. 0—40°/30 mm. (3-0 g)); 
(c) b. p. 40—60°/30 mm. (1 g.); (d) b. p. 60—100°/30 mm. (4 g.); and (e) a residue (5-2 g.). 

Analysis by Gas—Liquid Chromatography.—Low-boiling fractions were analysed by gas- 
liquid chromatography in a Griffin and George vapour-phase chromatographic apparatus 
(Mark II) modified for collection of samples.2° The column packings used were Apiezon or 
Silicone 30 L supported on Celite (40—80 mesh, B.S.S.; 1:4 w/w). The compounds were 
collected and whenever possible were identified by infrared spectroscopy. The percentage 
composition of the fractions was determined from the areas under the peaks. 

Analysis of Fractions (a), (b), (c), and (d).—Analysis by gas-liquid chromatography showed 
the presence of benzene, toluene, ethylbenzene, p-xylene, styrene, naphthalene, indene, and 
a compound tentatively identified as 2-methylstyrene. 

Analysis of Residue.—The residue (fraction e) was chromatographed on a column of activated 
alumina (500 g.). Elution with hexane, followed by hexane containing increasing amounts of 
benzene, and finally with benzene containing 5% of ethanol gave a number of fractions which 
were recombined on the basis of a preliminary examination by chromatography on partially 
acetylated paper to give thirteen major fractions. Fraction 13 was then rechromatographed 
on deactivated alumina (equilibrated over 60% sulphuric acid) to give a further four fractions, 
and fraction 16 was rechromatographed on a column of silica gel, deactivated by the addition 
of 12% of water. 

The first six fractions were examined by gas-liquid chromatography and the remainder 
were examined separately by chromatography on a column of partially acetylated cellulose 

% Badger, Buttery, Kimber, Lewis, Moritz, and Napier, J., 1958, 2449, 

#¢ Napier and Rodda, Chem. and Ind., 1958, 1319, 
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with benzene-ethanol—water (4: 17:1) as developing solvent in the manner previously de- 
scribed.112_ Each fraction was examined by ultraviolet spectroscopy, and when necessary 
further fractionation was obtained by chromatography on partially acetylated paper. The 
fractions containing phenanthrene and pyrene were examined by chromatography on a 90 cm. 
column of partially acetylated cellulose. 

The compounds identified in the individual fractions are summarised below. Fractions 
1 and 2 contained naphthalene and biphenyl; fractions 3—5 contained biphenyl, bibenzyl, 
acenaphthylene, fluorene, and 2-phenylnaphthalene; fraction 6 contained acenaphthylene, 
fluorene, phenanthrene, and 2-phenylnaphthalene; fractions 7—9 contained fluorene, phen- 
anthrene, anthracene, pyrene, fluoranthene, and 1,2-benzanthracene; fraction 10 contained 
1,2-benzofluorene, 2,3-benzofluorene, triphenylene, pyrene, 1,2-benzanthracene, chrysene, an 
alkylchrysene, and 3,4-benzopyrene; fraction 11 contained 2,3-benzofluorene, triphenylene, 
1,2-benzofluorene, 1,2-benzopyrene, perylene, chrysene, an alkylchrysene, 10,11-benzo- 
fluoranthene, 3,4-benzofluoranthene, and 3,4-benzopyrene; fraction 12 contained 1,2-benzo- 
pyrene, 3,4-benzopyrene, perylene, 1,12-benzoperylene, 11,12-benzofluoranthene, an alkyl- 
chrysene, 3,4-benzofluoranthene, and 4,5-(o-phenylene)fluoranthene; fraction 13 contained 
2,3-benzofluorene, 1,2-benzopyrene, an alkylchrysene, 11,12-benzofluoranthene, 3,4-benzo- 
fluoranthene, 3,4-benzopyrene, and 1,2:5,6-dibenzanthracene; fraction 14 contained 1,12- 
benzoperylene, 11,12-benzofluoranthene, 2,3-(0-phenylene)pyrene, anthanthrene, and 3,4- 
benzopyrene; and fractions 15 and 16 contained 1,12-benzoperylene, 2,3-(0-phenylene)pyrene, 
anthanthrene, and 3,4-benzotetraphen. 

Details of Identification.—Spectra quoted for identifications agreed with those of authentic 
specimens unless otherwise stated. 

Benzene. Isolated by gas-liquid chromatography, it had infrared maxima at 2-38, 2-46, 
3-18, 3-21, 3-78, 4-22, 4-41, 5-02, 5-41, 5-62, 5-90, 6-52, 6-75, 7-13, 8-48, and 9-62 u (liquid film). 

Toluene. Isolated by gas-liquid chromatography, it had infrared maxima at 2-40, 3-22, 
3-34, 3-40, 3-60, 5-09, 5-31, 5-49, 5-72, 6-20, 6-32, 6-52, 6-67, 6-80, 7-22, 8-00, 8-24, 8-48, 8-64, 
9-00, 9-21, 9-58, 9-70, 11-17, 11-90, 12-74, 13-74, and 14-40 u (liquid film). 

Styrene. Isolated by gas-liquid chromatography, it had infrared maxima at 2-40, 3-24, 
3:30, 5-09, 5-29, 5-42, 5-69, 5-90, 6-10, 6-20, 6-32, 6-50, 6-68, 6-89, 7-02, 7-46, 7-56, 7-74, 8-30, 
8-46, 8-65, 8-92, 9-02, 9-21, 9-80, 10-07, 11-00, 11-90, 12-90, and 14-40 u (liquid film), together 
with peaks at 6-80, 9-50, and 13-42 u, probably due to traces of o-xylene. 

Ethylbenzene and p-xylene. These were identified by comparison of retention time ratios 
in gas-liquid chromatography with those of authentic specimens. Although the amount of 
ethylbenzene appeared to be small, the peak corresponding to p-xylene did not give a pure 
infrared spectrum of this compound. The interpretation of the spectrum was difficult but the 
maxima agreed with a mixture of m- and p-xylene. 

Indene. Isolated by gas-liquid chromatography, this had infrared maxima at 3-21, 3-38, 
3-51, 5-10, 5-18, 5-22, 5-32, 5-40, 5-52, 5-80, 5-98, 6-18, 6-82, 7-14, 7-31, 7-49, 7-60, 7-74, 7-88, 
8-17, 8-30, 8-56, 8-90, 9-42, 9-81, 10-54, 10-90, and 11-60 u (in CCl,). 

Naphthalene. Isolated by gas—liquid chromatography, it had maxima at 248, 257, 266, 
275, 285, and 311 mu. 

Biphenyl. Isolated by gas-liquid chromatography, it had infrared maxima at 2-46, 3-26, 
3:30, 3-41, 3-45, 5-05, 5-14, 5-24, 5-30, 5-34, 5-45, 5-58, 5-62, 5-75, 6-00, 6-02, 6-76, 6-88, 7-00, 
7-23, 7-72, 7-98, 8-50, 8-53, 9-23, 9-60, 9-71, 9-90, 10-10, 10-40, 10-90, and 11-3 u (in CCl,). 

l- and 2-Methylnaphthalene. These were identified by comparison of retention time ratios 
with those of authentic specimens in gas-liquid chromatography. Further identification was 
not attempted in view of previous experience in the detection of these compounds. 

Bibenzyl. It was identified by comparison of retention time ratios with that of an authentic 
specimen in gas-liquid chromatography. The small amount did not allow further identification. 

Fluorene. This was identified by comparison of retention time ratios in gas—liquid chrom- 
atography with that of an authentic specimen. Confirmation was by chromatography on a 
90 cm. column of partially acetylated cellulose: an eluate showed maxima at 261, 290, and 
301 mu. : 

Acenaphthylene. Its presence was identified by comparison of retention time ratios in 
gas-liquid chromatography with those of an authentic specimen, and confirmed by chromato- 
gtaphy on a column of partially acetylated cellulose (90 cm.). An eluate showed maxima at 
265, 308, 324, 333, and 340 mu. 
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2-Phenylnaphthaiene. It was identified by comparison of retention time ratios with those 
of an authentic specimen in gas-liquid chromatography. A smaller amount of an over-lapping 
peak made isolation of this compound impossible and chromatography of fraction 6 on a column 
of partially acetylated cellulose was inconclusive. While the spectrum obtained showed peaks 
at 250 and 295 my, in agreement with an authentic specimen, the general shape of the spectrum 
was not identical with that of the pure compound. 

Phenanthrene. Isolated by chromatography on a 90 cm. column of partially acetylated 
cellulose, this had maxima at 243, 252, 274, 281, and 294 mu. 

Anthracene. Isolated by chromatography on a 90 cm. column of partially acetylated 
cellulose, it had maxima at 252, 308, 323, 339, and 376 mu. 

Pyrene. Isolated by chromatography on a 90 cm. column of partially acetylated cellulose, 
a sample showed maxima at 231, 242, 252, 262, 272, 305, 318, 335, and 372 mu. 

Fluoranthene. Isolated by chromatography on a 90 cm. column of partially acetylated 
cellulose, a sample showed maxima at 237, 245, 253, 262, 272, 288, 309, 324, 343, and 359 mu. 

2,2’-Binaphthyl. Isolated by chromatography on a 90 cm. column of partially acetylated 
cellulose, a sample showed maxima at 255 and 308 mu. 

Triphenylene. This was identified by chromatography on a column of partially acetylated 
cellulose followed by paper chromatography. An extract showed maxima at 250, 257, 274, 
286, 316, 331, and 350 mu. 

1,2-Benzofluorene. It was identified by chromatography on a column of partially acetylated 
cellulose followed by paper chromatography. An extract showed maxima at 253, 263, 293, 
302, 316, 328, and 342 my (cf. ref. 21). 

2,3-Benzofluorene. It was identified by chromatography on a column of partially acetylated 
cellulose followed by paper chromatography. An extract showed maxima at 255, 263, 272, 
284, 303, 318, 334, and 340 mu. 

1,2-Benzanthracene. Isolated by chromatography on a column of partially acetylated 
cellulose, a sample showed maxima at 227, 254, 267, 278, 289, 300, 315, 326, 341, and 359 mu. 

Chrysene. Isolated by chromatography on a column of partially acetylated cellulose, a 
sample showed maxima at 242, 259, 267, 283, 294, 306; 320, 344, 350, and 361 mu. 

Alkylchrysene. Identified by chromatography on a column of partially acetylated cellulose, 
a sample showed maxima at 243, 260, 271, 284, 296, 307, 322, 352, and 363 mu, in agreement 
with values obtained for a similar type of compound in other pyrolyses. Traces of a second 
alkylchrysene having an appreciably higher Ry, than that usually obtained and showing maxima 
at 260, 270, 284, 295, 318, and 322 mu were observed, but insufficient material was available 
for identification. 

3,4-Benzofluoranthene. Identified by chromatography on a column of partially acetylated 
cellulose, a sample showed maxima at 238, 266, 276, 289, 293, 301, 320, 338, 350, and 369 mu. 

10,11-Benzofluoranthene. It was identified by chromatography on a column of partially 
acetylated cellulose, followed by paper chromatography. An extract showed maxima at 226, 
242, 282, 292, 308, 318, 332, 344, 365, 376, and 383 my (cf. ref. 22), together with the maxima 
at 258 and 267 my probably due to traces of chrysene. 

11,12-Benzofluoranthene. Isolated by chromatography on a column of partially acetylated 
cellulose, a sample showed maxima at 240, 269, 283, 297, 308, 361, 383, and 401 mu. 

Perylene. This was identified by chromatography on a column of partially acetylated 
cellulose. The fraction containing 1,2-benzopyrene also showed the typical long-wavelength 
spectrum of perylene, with maxima at 366, 386, 405, and 434 my. The fluorescence spectrum 
was identical with that of an authentic specimen. 

1,2-Benzopyrene. Identified by chromatography on a column of partially acetylated 
cellulose, a sample showed maxima at 237, 257, 267, 278, 289, 304, 317, 332, and 366 mu (cf. 
ref. 21), together with minor peaks corresponding to perylene at 405 and 434 mu. 

3,4-Benzopyrene. Isolated by chromatography on a column of partially acetylated cellulose, 
a sample showed maxima at 254, 264, 273, 279, 284, 296, 347, 364, 384, and 404 my. A purified 
sample had m. p. and mixed m. p. 171—175°. 

1,12-Benzoperylene. It was identified by chromatography on a column of partially acetylated 
cellulose and purified through the picrate and by paper chromatography. An extract showed 
maxima at 278, 289, 300, 330, 345, 363, and 383 mu. 





*1 Friedel and Orchin, ‘‘ Ultraviolet Spectra of Aromatic Compounds,” Wiley, New York, 195], 
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2,3-(0-Phenylene)pyrene. Identified by chromatography on a column of partially acetylated 
cellulose, a sample showed maxima at 246, 251, 269, 274, 292, 304, 316, 360, 376, 385, and 
406 my. (cf. ref. 15). 

4,5-(o-Phenylene)fluoranthene. Isolated by chromatography on a column of partially 
acetylated cellulose, a sample showed maxima at 253, 263, 271, 282, 287, 293, 316, 367, 380, 
387, 401, and 410 mu (cf. ref. 22). 

Anthanthene. This was a contaminant in some samples of 2,3-(0-phenylene)pyrene. 
Chromatography of the fractions on a 50 cm. column of partially acetylated cellulose (34— 
36% Ac) gave anthanthrene showing maxima at 240, 257, 294, 307, 381, 401, 407, 421, and 
431 mu. 

3,4-Benzotetraphene. It was identified by chromatography on acetylated paper. An extract 
showed maxima at 287, 304, 330, 346, 363, and 389 mu. 

1,2:5,6-Dibenzanthracene. This was identified by chromatography on acetylated paper. 
An extract showed maxima at 230, 276, 287, 297, 320, 334, and 347 mu. 

Alkyl-substituted Compounds.—Traces of alkyl-anthracenes, -phenanthrenes, -fluoranthenes, 
and -pyrenes were tentatively identified in fractions obtained in the analysis of fractions 8 and 
9 on a column of partially acetylated cellulose. Insufficient material was available for further 
identification. In general, the spectra showed the same pattern as the parent compounds with 
small bathochromic shifts in the positions of the maxima, and different Ry values. 

9-Phenylanthvacene. An extract from paper chromatograms showed maxima at 258, 346, 
366, and 385 mu. 

Stilbene. Identified by comparison of retention time ratios in gas-liquid chromatography 
(Silicone 30 as stationary phase) with those of an authenti¢ specimen. 

2-Methylstyrene (?). A fraction by gas-liquid chromatography had infrared maxima at 
3-28, 3-38, 3-42, 3-60, 5-10, 5-20, 5-30, 5-44, 5-80, 6-10, 6-30, 6-41, 6-60, 6-70, 6-90, 7-02, 7-10, 
7-22, 7:54, 7-80, 8-30, 8-46, 8-56, 8-92, 9-10, 9-70, 9-80, 10-1, 11-0 u. This compound has not 
been definitely identified, but the general pattern of the spectrum is similar to that of styrene 
but does not correspond to that of a- or 8-methylstyrene. 

4-Methylbiphenyl. This was isolated by gas-liquid chromatography; the infrared spectrum 
showed maxima at 3-22, 3-32, 5-08, 5-20, 5-26, 5-30, 5-50, 5-61, 5-70, 6-21, 6-72, 6-84, 6-93, 7-20, 
7-50, 7-88, 8-46, 9-30, 9-57, 9-70, 9-90, 10-1, 10-9, 11-1, 11-3, and 11-7 uw (in CCl,). The recorded 
spectrum *° is difficult to assess accurately, but is in substantial agreement with the above 
values. 

Pyrolysis of a Mixture of Buta-1,3-diene and Pyvrene.—The same experimental conditions 
were used as for the pyrolysis of butadiene. Pyrene (Light’s; 99% purity) was introduced 
into the reaction tube in a small porcelain boat, so placed in the furnace that the temperature 
in the immediate vicinity of the boat was 300—350°. Butadiene (56 g.) was admitted at 
9 g./hr. and the amount of pyrene used (4-2 g.) was determined by weighing the contents of 
the boat after pyrolysis. A dark-brown tar (30 g.) was obtained, and carbon (ca. 1 g.) was 
deposited in the reaction tube. The exit gases were shown to contain methane and ethylene 
by infrared spectroscopy. 

Analysis of Tay.—The method of analysis was that described above. After chromatography 
on activated alumina, fractions containing 3,4-benzopyrene were rechromatographed to obtain 
better fractionation, and the subfractions were chromatographed on a column of partially 
acetylated cellulose. The composition of the fractions was determined by direct weighing 
and the compounds identified by ultraviolet spectroscopy in the usual way. 


This work has been carried out during the tenure of a grant from the Damon Runyon 
Memorial Fund. We are also grateful to Mr. A. G. Moritz for the infrared spectra. 


UNIVERSITY OF ADELAIDE, S. AUSTRALIA. (Received, April 4th, 1960.] 
#2 Clar, ‘‘ Aromatische Kohlenwasserstoffe,” Springer, Berlin, 2nd edn., 1952. 
*8 Cannon and Sutherland, Spectrochim. Acta, 1951, 4, 373. 
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861. Synthetical Applications of Activated Metal Catalysts. Part XI* 
A Comparative Study of the Toxic Effects of Pyridine and 2,2'-Bipyridyl 
on Some Raney Catalysts. 


By G. M. Bapcer, G. D. F. Jackson, and W. H. F. SasseE. 


The rate of hydrogenation of trans-crotonic acid in the absence and in the 
presence of pyridine and 2,2’-bipyridyl has been measured with five Raney 
nickel catalysts and one Raney cobalt catalyst. Except for the last all 
catalysts are poisoned by these bases. Pyridine is more toxic than 2,2’- 
bipyridyl towards W-1 and W-2 Raney nickel, and the opposite has been 
found with W-6 and W-7 nickel. The W7-J catalyst is equally poisoned 
by both bases. Pyrrole poisons W-7 nickel more than W7-J catalyst. 


THE formation of 2,2’-biaryls from pyridine and related bases under the influence of a 
degassed Raney nickel catalyst has been described earlier in this series.1 The results 
obtained so far indicate that this reaction occurs while the reactants are adsorbed on the 
catalyst, presumably via the lone electron pairs of the nitrogen atoms. The outcome of 
the reaction should therefore depend inter alia on the adsorption—desorption equilibria of 
the reactants and products. Maxted and Walker ? have shown that the catalytic toxicity 
of pyridine depends on the availability of the lone electron pair for adsorption on the 
catalyst, and it was thought that more insight into the adsorption processes occurring 
during the formation of 2,2’-bipyridyl from pyridine might be gained by an examination 
of the catalytic toxicity of pyridine and 2,2’-bipyridyl. We now report results of a 
preliminary study of the influence of these bases on the rate of hydrogenation of trans- 
crotonic acid in the presence of W-1,3, W-2,4 W-6,5 W-7,5 and W7-J ® Raney nickel as 
well as of a Raney cobalt catalyst.” As traces of pyrrole are formed in the reaction between 
pyridine and W7-J nickel the effect of this compound on the activity of W-7 and W7-] 
nickel was also examined. 


EXPERIMENTAL 


Materials.—Methanol was distilled from sodium hydroxide through the column described 
earlier * (reflux ratio 1: 5), and the fraction of b. p. 64-5° (m,** 1-32859) was used. Pyridine 
was fractionated from potassium hydroxide (reflux ratio 1 : 10) and the fraction of b. p. 115— 
115-5° (m,** 1-5020) was used. trans-Crotonic acid (m. p. 72°) was obtained by recrystallisation 
from light petroleum. 2,2’-Bipyridyl (m. p. 71-5—72°) was purified by chromatography on 
alumina and crystallised from light petroleum. Synthetic pyrrole was distilled under nitrogen 
and in the absence of light. A fraction, b. p. 131°, was used immediately. W-1,3 W-2,4 W-65 
W-7,5 and W7-J * nickel catalysts were prepared from 50: 50 aluminium-nickel alloy (B.D.H.). 
The cobalt catalyst 7 was prepared from 70: 30 aluminium-—cobalt alloy (Light’s). 

Hydrogenations.—The hydrogenations were carried out in a Towers microhydrogenator at 
atmospheric pressure in methanol (volume of mixture made up to 10 c.c.) while the flasks were 
being shaken at 315 + 35 vibrations per min. All hydrogenations involving one catalyst were 
carried out with portions of the same preparation of catalyst at the temperature indicated in 
Table 1. Poisons (0-000012 mole) were added and equilibrated (50—60 min.) with the catalyst 
before crotonic acid (0-0104 g.) was introduced. After completion of a run the catalyst was 
filtered off and weighed. 

Method of Comparison.—The rate of hydrogenation of crotonic acid was measured in each 


* Part X, J., 1960, 2969. 


1 Badger and Sasse, J., 1956, 616. 

2 Maxted and Walker, /]., 1948, 1093. 

* Covert and Adkins, ]. Amer. Chem. Soc., 1932, 54, 4116. 
* Mozingo, Org. Synth., 1941, 21, 15. 

5 Adkins and Billica, J. Amer. Chem. Soc., 1948, 70, 695. 

* Sasse, J., 1959, 3046. 

7 Aller, J. Appl. Chem., 1957, 1, 130. 

® Badger, Rodda ,and Sasse, J., 1954, 4142. 
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TABLE 1. Hydrogenations of crotonic acid. 


Weight Initial Weight Initial Weight Initial 

of rate of rate of tate 
catalyst (c.c./ catalyst (c.c./ catalyst  (c.c./ 

(g.) min.) Poison ¢ (g.) min.) Poison (g.) min.) Poison 

W-1 Nickel, 22° W-6 Nickel, 20° W7-] Nickel, 20° 
0-0960 1-09 — 0-0359 1-14 — 0-0346 0-44 —_ 
0-0368 0-45 — 0-0281 1-00 — 0-0276 0-34 —_— 
0-0865 0-94 — 0-0324 0-99 — 0-1170 1-36 — 
0-0121 0-13 — 0-0150 0-48 -—- 0-0780 0-86 — 
0-0147 0-04 Pyridine 0-0290 0-60 Pyridine 0-0809 Pyridine 
0-0422 a 0-0882 2-20 ps 0-0414 A 
0-0420 0-0318 0-66 LS 0-0613 
0-0530 os 0-0190 ie 0-0700 
0-0669 2,2’-Bipyridyl 0-0710 2,2’-Bipyridyl 0-0900 
0-0570 an 0-0188 - 0-0395 
0-0640 0-0602 - 0-0789 
0-0239 0-0340 pa 0-:0770 
0-0302 

lickel, 19° 0-0630 
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W-2 Nickel, 18° W- 
00437 =: 0-91 — 0-0252 
0-0164 -— 0-0062 
0-0298 — 0-0604 
0-0818 - 0-0501 
0-0732 Pyridine 0-0527 
0-0339 a 0-0344 
0-0843 0-0160 
0-0510 we 0-0584 
0-0739 2,2’-Bipyridyl —0-0409 
0-0397 om 0-0350 
0-0203 0-0187 
0-0423 0-0787 
0-1143 
0-0268 
0-0240 

0-0364 ” 
* 0-000012 mole, * 0-00000063 mole, ¢ 0-0000012 mole, ¢ 0-00012 mole, each in 10 c.c. of mixture. 
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Raney nickel catalyst: (A) in the absence of cobalt catalyst: ©, in the absence of poison; A 
poison; (B) in the presence of 2,2’-bipyridyl; in the presence of various concentrations of 
(C) in the presence of pyridine. pyridine. 
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run by the slope of the hydrogenation curve at its origin. As the weight of a Raney catalvst 
cannot be determined accurately until completion of a run, a series of experiments was carried 
out in which the weight of catalyst was varied (0-01—0-1 g.) while the other variables were 
kept constant. In this way linear relations between the rate of hydrogenation and the weight 
of catalyst were obtained. Repetition of these experiments in the presence of each poison 
(0000012 mole) gave other linear relations of lower slope (Fig. 1). 

From these graphs the activity of 0-05 g. of each catalyst (poisoned and unpoisoned) was 
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read off (Table 2); these values were then expressed as poisoning coefficients which are known 
to be unaltered by small temperature changes. The Raney cobalt catalyst lost its activity 
so rapidly that freshly prepared samples had to be used for each run. This may account for 
the relatively large deviations from a linear relation between rate of hydrogenation and weight 


TABLE 2. 
Activity of Activity in Activity in Activity in 
Catalyst unpoisoned presence of presence of presence of 
(temp.) catalyst pyridine 2,2’-bipyridyl pyrrole 
Wek FMD) | osscd cnc csscserptinserccessces 0-56 0-14 0-16 — 
hun to» re rae 1-08 0-20 0-40 — 
Pe ED ado cte case dtdieindaceseozees 1-64 1-20 0-94 ~- 
boo 1-64 1-30 0-68 0-78 
bois Lg Bee ere eee 0-60 0-21 0-21 0-33 
CD CEP wcenssnntotehpcecocisnsipdsersevcene (0-36) (0-36) — —_ 


of catalyst observed with this preparation. Within the accuracy of this graph, pyridine did 
not alter the activity of this catalyst (Fig. 2). 

Reaction between Pyridine and W-1 Nickel.—Pyridine (150 c.c.) was refluxed over W-1 
nickel * (prepared from 125 g. of alloy) for 50 hr. The mixture was worked up as previously 
described,? to give 2,2’-bipyridyl (19-5 g.) and complex (2-5 g.). 


DISCUSSION 


The activities of the unpoisoned nickel catalysts in the hydrogenation of trans-crotonic 
acid (Table 2) are in the expected order as the activity of Raney nickel catalysts for 
hydrogenations is known to increase with the amount of hydrogen left on the nickel during 
its preparation.” Partial removal ™ of this hydrogen at a later stage results in a linear 
decrease of catalytic activity and reduction of the surface area.!* This effect is seen in 
the loss of activity of the W-7 catalyst during the preparation of W7-J nickel (which 
involves heating in vacuo at 100°). 

The low activity of the Raney cobalt catalyst resembles its low efficiency in desulphuris- 
ation.1* This catalyst is not detectably affected by pyridine (see above) and this may be 
related to its failure to bring about the formation of 2,2’-bipyridyl from pyridine." 

The lowering of the activities of all nickel catalysts by pyridine and 2,2’-bipyridyl 
(Table 3) corroborates Maxted and Walker’s findings;? and in agreement with other 


TABLE 3. Poisoning coefficients (x 10-4). 


Catalyst Pyridine 2,2’-Bipyridyl Catalyst Pyridine 2,2’-Bipyridyl Pyrrole 
WEEN sr cescsss 6-3 6-0 NETS exsaadidases 1-7 4-9 4-2 
WE  cvscsree 6-8 5:3 WORD sedcedsas 5-4 5-4 2-7 
WED © cessapons 2-2 3-6 


observations, the most active preparations are affected least by these bases. Pyrrole, 
however, poisons the hydrogen-rich W-7 catalyst more than the W7-J nickel, but it is 
likely that the poisoning coefficient measured with W-7 nickel is that of a more basic 
hydrogenation product of pyrrole, namely, pyrrolidine. 

The less active nickel catalysts are more susceptible to poisoning by pyridine than by 
2,2’-bipyridyl while the opposite holds for W-6 and W-7 nickel. This reversal of the 
toxicities of pyridine and 2,2’-bipyridyl suggests that adsorption of 2,2’-bipyridyl on the 
more active catalysts is also followed by further changes leading to compounds which are 
more toxic than pyridine. Preliminary experiments have shown that 2,2’-bipyridyl reacts 

* Maxted and Stone, J., 1934, 26; Maxted, Adv. Catalysis, 1951, 3, 167. 

10 Adkins and Krsek, J. Amer. Chem. Soc., 1948, 70, 412. 

11 Kokes and Emmett, quoted by Emmett, J. Phys. Chem., 1959, 68, 449. 

12 Smith, Chadwell, and Kirslis, J. Phys. Chem., 1955, 59, 820. 

13 Badger, Kowanko, and Sasse, J., 1959, 440. 

14 Sasse and Whittle, unpublished work. 


18 For references see Maxted, Adv. Catalysis, 1951, 3, 166, 
46 Devereux, Payne, and Peeling, J., 1957, 2845, 
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with W-7 nickel to give pyrrole derivatives ” and such a change could account for the 
increase in catalytic toxicity of 2,2’-bipyridyl observed with the W-6 and W-7 catalysts. 

It is not known whether the relative magnitude of the poisoning coefficients of pyridine 
and 2,2’-bipyridyl as now determined constitutes one of the factors determining the 
efficiency of a catalyst in the preparation of 2,2’-bipyridyl from pyridine, but it is note- 
worthy that the W7-J catalyst, which is equally poisoned by both bases, is a better catalyst 
in this reaction than W-7 nickel ® or the W-1 catalyst. 


This research was supported by a grant from the Petroleum Research Fund administered 
by the American Chemical Society. Grateful acknowledgment is hereby made to the donors 
of the said fund. We also thank Dr. H. J. Rodda for helpful discussions. 
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17 Sasse, unpublished work. 


862. Precise Measurements with the Glass Electrode. Part IIIs 
The Cell: Glass Electrode|HCl|AgCl|Ag at 0°. 


By A. K. CovINGcToN. 


It is shown that low-resistance glass electrodes can be used at 0° in 
aqueous solutions (pH 1—2) with an accuracy only slightly less than that 
attainable at 25°. The experimental precautions to be taken to achieve 
precise measurements are elaborated. 


In Part I! it was shown that, provided changes in asymmetry potential with time were 
taken into account, low-resistance glass electrodes in conjunction with conventional 
potentiometric equipment and a sensitive moving-coil galvanometer give results compar- 
able with the best work with the hydrogen electrode. That work was restricted to 25°. 
It was of interest to examine whether, if the temperature of the laboratory is very different 
from the thermostat temperature, the technique of quickly transferring a glass electrode 
with washing, between two solutions yields e.m.f.-time graphs which can be reliably 
extrapolated to the time of transfer of the electrode. The present work at 0° was under- 
taken to test this, and to investigate if condensation of moisture, which may cause electrical 
leakage, and the increased resistance of the membrane at the lower temperature make 
precise electrical measurements difficult or impossible. 


EXPERIMENTAL 


Each 30-mm. diameter low-resistance glass electrode (Type 9000 of the Jena Glaswerk), 
mounted in a Polythene bung machined to fit the B45 socket of the electrode vessel, was fitted 
with a horizontal guard ring of 33 mm. internal diameter formed from 2-5-mm. diameter glass 
tod sealed to two vertical glass struts. These struts fitted into holes drilled in the Polythene 
bung and held the ring in position just below the centre of the bulb. The glass ring and supports 
were painted with paraffin wax to facilitate the washing procedure. By using guard rings, the 
transference technique ™ can be performed more quickly and the risk of small undetected 
cracks in the glass membrane being caused by slight contact with the neck of the electrode 
vessel is eliminated. The electrodes were soaked for at least one week in water, followed by at 
least two days in 0-lm-hydrochloric acid to reduce the value of the asymmetry potential and 
its rate of change with time. This is in accordance with the usual practice of conditioning 
electrodes in solutions as similar as possible to those in which they are to be used. 

The electrical measuring apparatus, experimental technique, and preparation of the silver— 
silver chloride electrodes (bias potentials <10 wv) have been described.* The galvanometer 
sensitivity was increased to 5600 mm./ya by using the scale at 2 metres. 


1 (a) Part I, Covington and Prue, J., 1955, 3696; (b) Part II, idem, ibid., p. 3701. 
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“Telcon ’’’ non-microphonic cable Type PTIGM(MOD) was used for all wiring. This 
Polythene-insulated copper cable has a low-resistance graphitised coating between the 
Polythene and the braided screening which successfully eliminates parasitic voltages which 
may be produced when the cable is bent or twisted while changing connections to the glass 
electrode before and after transfers. Unless the cable screening, the ‘‘ equipotential shields,” 
and thermostat (and the earth-line of its heating, stirring, and control circuits) are connected 
to a good, single, independent earth, accurate and reproducible results are not obtainable. 
The electrode vessels were held above the thermostat water level by metal clamps with rubber- 
faced jaws attached to scaffolding constructed independently of the tank, so that the metal 
parts were above the thermostat temperature and condensation was thereby reduced. Even so, 
reproducible results were not obtained if excessive condensation of atmospheric moisture 
occurred on the supporting clamps, and very humid days were avoided. 

The thermostat was fitted with a copper cooling-coil through which a water-—glycol mixture 
was circulated from a commercial refrigerator unit. The temperature of the thermostat, 
which contained water plus a little alcohol, was adjusted to 0-00° + 0-01° by comparison with 
the temperature of crushed ice prepared from distilled water. 


RESULTS AND DISCUSSION 


Before the work at 0° was begun the measurements ™ at 25° were repeated to test the 
electrical measuring circuit. It is recommended that some check of this kind be made 
before undertaking all new precise work with low-resistance electrodes, to ensure that the 
maximum accuracy and reproducibility are being achieved. The results, analysed as 
described previously, lead to a value of B in the equation ™ 


E* = E + 2k log m — 2kAm#/(l + m*) = E° — 2kBm 
of 0-217 + 0-003 mole™ kg. in agreement with the value ™ of 0-214 + 0-004. 


TABLE I. 
108m 10°m 
(mole kg.-!) E, (mv) 8,(mv) E,; (mv) 8,, (mv) (mole kg.-') Ey (mv) 8) (mv) Es (mv) 535 (mv) 
1-356, = -- 96-31, +0-02, 3-398, 47-50 —0-04 —_— — 
1-438, 85-81 +0-04 ~- —— 4-498, 34:94 +0-08 38-19 — 0-02 
2-086, 69-23 —0-05 75-33, — 0-02, 6-065, 21-82 — 0-06 23-76, — 0-00, 
3-139, — _- 55-49 +0-04 7-235, 13-92 +0-00 15-26 +0-01 


The results at 0° are shown in Table 1. The values of k = (RT/F) In 10 and the Debye- 
Hiickel constant A at 0° were taken as 54-199 mv and 0-488 (mole kg.)# respectively. 
The e.m.f.time extrapolations were as good as those at the higher temperature. An 
electrode held out of the solution for 30 sec. before being replaced in the same solution 
changed its potential by only 0-02 mv, showing that any warming of the electrode during 
the normal removal and washing period of 10 sec. is negligible. The value of B calculated 
by the method of least squares is 0-223 + 0-006 mole! kg. The scatter [8 = 
E* (exp.) — E°’ (calc.), cf. Table 2 of Part I) of the points from the best straight line is 
slightly greater than in the work at 25° shown for comparison in Table 1, but this is under- 
standable in terms of the increased resistance of the glass membrane at the lower temper- 
ature which results in a loss in sensitivity noticed during the runs (discrimination, 0-01 my), 
The values of B obtained by various methods are summarised in Table 2. The present 
value at 0° is lower than both the previous e.m.f. values 23 but the values obtained with the 
glass electrode at 25° were also lower than the value obtained from hydrogen electrode 
cells * by a similar amount although in agreement with the value from the concentration 
cells.” The lower values obtained by using the glass electrode might signify a slight 
deviation from the hydrogen electrode function in solutions of increasing molality of 


2 Covington and Prue, /J., 1957, 1930. 
3 Harned and Ehlers, J]. Amer. Chem. Sor., 1932, 54, 1350 
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hydrochloric acid. A difference of 0-01 in B at m= 0-1 corresponds to 0-1 mv. The 
present value of B does not help to resolve the discrepancy, which was originally pointed 
out,* between the freezing point and e.m.f. value.4 The third decimal place in values of B 


TABLE 2. 
B (mole kg.) 
0° 25° Method Workers 
0-241 0-228 Hydrogen-silver/silver chloride cells Harned and Ehlers * 
0-240 0-217 Silver/silver chloride concentration cells Covington and Prue ™ 2 
0-214 Glass-silver/silver chloride cells Covington and Prue ! 
0-223 0-217 sb oé This work 
0-216 — Freezing point Randall and Vanselow 


(0-001 in B corresponds to 0-0002 in y at 0-1 m) is not significant for any other electrolyte 
yet studied, and it could be concluded from Table 2 that it is only just significant for 
hydrochloric acid. 

Despite the development in recent years of vibrating-reed electrometers with much 
greater zero stability than valve electrometer d.c. amplifiers, the precision of measure- 
ments with such instruments is still limited to 0-1 mv. Only with electrodes of resistance 
as low as 0-5MQ can measurements be made with the glass electrode to a precision of 
001 mv. According to Schwabe ® and Kordatski,® the Jena electrodes are constructed 
from low-resistance, high-sodium-content glass on which a thin layer of a higher-resistance, 
pH-sensitive glass of better chemical durability is deposited chemically. It does not seem 
possible to make electrodes in the laboratory of such low resistance directly from electrode 
glasses known at present. The manufacturers suggest that 40° is an upper limit for their 
use because of the increased solubility of the glass at higher temperatures, and the useful 
pH range is stated to be 1—10. The above authors give warnings about the large release 
of alkali from these electrodes, and it has been noted in the present work that some 
electrodes deteriorate slightly after several weeks of use, perhaps for this reason. Frequent 
tests in a pair of standard solutions (e.g., 0-01, 0-Im-HCl) are therefore suggested for 
checking the correct functioning of the electrodes. 


KinG’s COLLEGE, UNIVERSITY OF DURHAM, 
NEWCASTLE UPON TYNE. [Received, May 23rd, 1960. 


* Guggenheim and Prue, “‘ Physicochemical Calculations,”” North Holland Publ. Co., Amsterdam, 
1955, p. 226. 

5 Schwabe, ‘‘ Fortschritte der pH Messtechnik,’’ Verlag Technik, Berlin, 2nd edn., 1958, p. 101. 

* Kordatski, ‘‘ Taschenbuch der praktischen pH Messung,”’ Rudolph Miiller und Steinicke, Munich, 
4th edn., 1949, p. 150. 





863. The Principles Governing High-temperature Ethane Cracking. 
By A. M. Bropsky, R. A. KALINENKO, and K. P. LAvRovsky. 


The kinetics of cracking of ethane in the presence of labelled “CH, (~2%) 
at 90 mm. and 770—880° was studied in detail, the contents of the reaction 
vessel being rapidly mixed. Rate constants for the overall process were 
obtained, as well as for basic elementary reactions occurring in cracking. 
The chain part of ethylene formation by the conventional scheme did not 
exceed 10%. 


THE evolution of the modern kinetic cracking theory was based on the radical-chain theory 
first applied to cracking by Rice. Apart from the elaboration of many logical schemes, 
this evolution proceeded in two largely independent directions. One was concerned with 
experiments carried out in order to investigate the principles governing free-radical 
reactions at relatively low temperatures and to determine corresponding activation 
energies and pre-exponential factors. The second involved investigations on a number 
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of overall cracking effects at temperatures of 500—600°, seeking to obtain quantitative 
confirmation (or refutation) of the suggestion that cracking proceeds solely by a chain 
mechanism. Direct determination of the cracking rate constant in terms of a definite 
mechanism, by means of formule for elementary constants derived from measurements 
over a temperature range where cracking was virtually absent, was not commonly 
attempted. This was largely due to lack of sufficiently accurate data. At the same time 
it was difficult to draw reliable, unambiguous conclusions from studies of overall effects at 
high temperatures. Consequently, notwithstanding a considerable advance in the elucid- 
ation of a wide range of phenomena, made possible by application of the radical-chain 
theory, there is still no general agreement as to whether thermal paraffin decomposition 
over a temperature range up to 650° proceeds solely by a chain mechanism, or by molecular 
processes as well. 

Considerable success has now been attained in the theoretical treatment of free-radical 
reactions.2, As shown by a variety of experimental results, the reaction rate constants 
of basic radical reactions (metathesis, recombination, disproportionation) over the cracking 
temperature range involve small steric factors of the order of 10 *—10°, decreasing with 
rise of temperature. Evaluation of these factors has shown that extrapolation from low- 
temperature reaction rate constants to cracking temperatures, by the Arrhenius equation, 
appears to be unjustifiable. 

In view of the above, simultaneous verification of main kinetic characteristics, and 
direct determination of constants for basic elementary reactions at cracking temperatures 
seemed to be a pressing problem. Of special interest was the study of cracking at tem- 
peratures of 800—1000°c, since this temperature range corresponds to conditions 
concerned in the industrial production of olefins.® 

The present work is concerned with the determination of the most important kinetic 
characteristics in ethane cracking at 770—900°c. Evaluation of rate constants for basic 
elementary reactions and direct determination of-the relationship between molecular and 
radical-chain reaction rates were made by means of an ingenious technique, making use 
of a turbulent reactor and of labelled atoms. 


EXPERIMENTAL 


Investigation of cracking at temperatures above 700° requires a technique considerably 
different from that worked out for more moderate temperatures. The basic problem 
encountered in high-temperature experiments is to provide a heat supply that would be rapid 
enough to ensure a warming-up period shorter than the time needed for completion of the 
reaction.* 

In contrast to the majority of earlier investigations on cracking in which external heating 
through reactor walls was used, somewhat as in industrial tubular furnaces, high-speed heating 
was achieved by contact of the products with small particles of a warm fluidized bed of the heat 
carrier. 

As already shown * the mixing of raw material and heat-carrier streams at sufficiently high 
relative rates will diminish the heating time to 10°°—10™ sec. Low values for heating times 
can also be obtained by use of a stationary and a fluidized bed. This permits investigation of 
reactions completed in 10 and even 10° sec. 


* It will be noted that many investigations were vitiated by failure to deal with difficulties arising 
at high temperatures. 


1 Hinshelwood, Science, 1959, 125, 679; Poltorak and Voevodsky, Doklady Akad. Nauk S.S.S.R., 
1950, 91, 589; Stepukhovich, “‘ Problems of Chemical Kinetics, Catalysis, and Reactivity ’’ (Collected 
works in Russian), Moscow, 1955, Academy of Sciences of the U.S.S.R., p. 159. 

2 Stepukhovich, Uspekhi Khim., 1956, 25, 263; Kondratiev, ‘‘ Kinetics of Gas Reactions,” Moscow, 
U.S.S.R. Academy of Sciences, 1958; Steacie, ‘‘ Atomic and Free Radical Reactions,” 1954, Reinhold 
Publ. Corp., New York; Trotman-Dickenson, Quart. Rev., 1953, 7, 198; Semenov, “‘ Some Problems of 
Chemical Kinetics and Reactivity,’’ Princeton Univ. Press, 1958. 

3 Lavrovsky and Brodsky, ‘‘ A Physico-chemical Investigation of High-speed Contact Cracking,” 
Reports to the Fourth World Petroleum Congress, Rome, Vol. V. 
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The vacuum apparatus with a fluidized bed reactor was designed for studying fast high- 
temperature endothermic reactions at constant concentrations and temperatures in the.reaction 
zone. This appears considerably to simplify kinetic studies and the interpretation of results. 

The apparatus is illustrated in Fig. 1. The feed gas was kept in bulbs (5) of 40 1. overall 
capacity. The amount of gas admitted into the reaction zone was adjusted by means of a tap. 
The gas supply rate was established from readings obtained with a rotameter (7) operating in 
vacuum and calibrated with respect to the working mixture, pressure measurements being made 
simultaneously. The fall of pressure in (5) during the experiment did not exceed 5 mm. Hg. 
The relative error in rate measurements did not usually exceed 3%. 


Fic. 1. Apparatus. 








The reaction vessel was operated as follows. Gas was preheated in the lower part of the 
quartz vessel (3) packed with quartz fragments. The temperature of the preheating element 
did not exceed 400°. Cracking took place in the middle of the vessel (2) in a fluidized bed of 
powdered corundum acting as heat carrier and convecting heat from the wall into the bulk. 
The effective diameter of corundum particles was varied in different experiments from 0-1 to 
0-8 mm. depending upon the velocity of the gas stream. Rapid cooling of the products after 
liberation of gas from the fluidized bed was accomplished by admitting cold carbon dioxide 
from bulb (8) into the reaction vessel over. the layer. The ratio of cracking gas to carbon 
dioxide was 1: 5 (by weight). 

Heating was by electrically heated wiring round the quartz tubes. Temperature measure- 
ments in the upper and lower part of the reaction zone * and over it were made by platinum- 
platinum-rhodium thermocouples * with uncovered junctions. Thermocouple readings were 
registered by a high-speed electron potentiometer. Temperature was set with an accuracy of 
4+2—3%. Pressure was maintained constant by means of a valve (13) introduced into the 
vacuum line beyond the reaction vessel and similar to that already described. Simultaneous 
use of the valve and the rate-measuring rotameter ensured constant pressure and velocities 
of streams in the reactor at high rates for the short duration of the processes investigated. 

Before experiments were started, the apparatus was evacuated by means of a diffusion 
vacuum pump to 5 x 10¢ mm. Hg, the reaction vessel was heated to the required tem- 
perature, and necessary counterpressure was established at the valve. The cracked gas from 
(5) was then admitted into the reaction vessel via the capillary taps, and carbon dioxide was 
supplied to the zone over the fluidized bed. This resulted in a 200—250° fall of temperature 
over the reaction zone as compared to the fluidized bed. As proved by special experiments, the 
cooling carbon dioxide did not penetrate into the reaction zone. 

The first portions of gas from the reactor were voided to waste (12) until a stationary state 
was established in the reactor. The pressure in the reactor was kept 5—10 mm. Hg lower than 
the counterpressure at the valve, so that reaction products could not penetrate into the line of 
working traps through the valve. After establishment of a stationary state the line to waste 


* Agreement in temperature values for the upper and the lower part of the reaction zone was taken 
as a check on complete intermixing in the course of the reaction. 


* Sharvin, Zavod. Lab., 1955, 21, 1261. 
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was cut off, the reactor pressure attained its operating value, and the valve opened automatically, 
A stopwatch was switched on simultaneously. The time of a run was usually 10—30 sec. As 
soon as the run was completed, the line of main traps was cut off, the watch stopped, and the 
reaction vessel again connected to waste. 

Products that had passed via the valve were directed towards corresponding traps. The 
first three traps (16) were cooled with liquid nitrogen. Methane and hydrogen were collected 
in a fourth trap (17) filled with activated charcoal and also cooled by liquid nitrogen. After 
a run was completed, the first three traps were cut off from the fourth one, and the gas condensed 
therein was evaporated into a bulb (18). To ensure complete desorption of methane and 
hydrogen from the charcoal the fourth trap was heated after the experiment in a furnace at 
200—250°. Desorbed methane and hydrogen were collected in a bulb (19). The overall 
volume of gases, and also the ratio of products condensable and non-condensable in liquid 
nitrogen, were determined by pressure in vessels of known volumes. Carbon dioxide was 
removed from the fraction condensable in nitrogen by pumping through a trap (20) packed with 
ascarite; this amount of condensable products was then again measured, and all gases were 
submitted to chromatographic analysis and separation. The analytical technique by means 
of gas-liquid chromatography has been described.*® 

After completion of the experiment a coke deposit formed on the heat carrier in the reaction 
vessel was removed by heating to 800°, the oxygen pressure being 500 mm. Hg. The gases 
thus formed were passed through traps cooled in liquid nitrogen, and carbon dioxide was 
condensed therein. After removal of the coke deposit, hydrogen was admitted into the reactor 
and remained there for 1-5—2 hr. at 900°. 

Experiments on ethane cracking were conducted with small additions of labelled methane 
NCH,. Radioactivities of the resulting gases were measured by a 250 n.cm.* internal Geiger 
counter. The pressure of hydrocarbon within the counter was kept at 80 mm. Hg. The 
ethane-—labelled methane mixture was prepared in bulk for a series of experiments, in special 
vessels. * 

The ethane was obtained by electrolysis of sodium’acetate, and purified by passage through 
bromine-water, alkali, and a drying mixture, with subsequent manofold freezing in a trap 
immersed in liquid nitrogen, the non-condensable gases being removed by a diffusion pump. 
The ethane so obtained was pure to within the accuracy of chromatographic analysis. 

A series of kinetic studies of ethane cracking was carried out at temperatures from 770° to 
900°, a pressure of 90 + 2 mm. Hg, and reaction times from 6-008 to 0-8 sec. As shown by 
special experiments, small additions of methane exert no influence on the ethane cracking 
process. The reduced reaction time f was calculated by the formula ¢ = VT )pe/Tap,w, 
where V (cm.’) is the value for the heat carrier charge of the reactor, w (cm.3/sec.) is the volume 
rate of the gas supply, T, = 290°k, T is the temperature throughout the experiment (in °k), 
p is the reactor pressure in mm. Hg, p) = 760 mm. Hg; « is a factor to allow for gas expansion 
brought about by increase in volume during the experiment, and ¢ is a fraction of the free 
volume, taken as 0-5. 

Gas compositions obtained at 770°, 840°, and 890° are summarized in Table 1. 

In addition to the products shown in Table 1, traces of propane and propene (~0-05%), 
butane, butenes, bivinyl (Sc, ~ 0-05—0-1%), and acetylene (~0-01%) were found in the 
cracked gases by tracer analysis. The kinetics of the formation of these gases could be followed 
only by observing the accumulation of radioactivity in corresponding fractions, since the 
amounts of gas were too small to permit direct precise analytical determinations.{ As shown 
by the radioactivity ratio, 50—60% of the C, fraction, present in vanishingly small amounts, is 
represented by C,H,, and 50—40% by C,H,. The main part of the C, fraction at 890° consisted 


* The majority of runs with labelled methane additions were conducted with mixtures of 98% C,H, 
and 2% ™CH, (the activity of the mixture being 5-35 x 10* counts/n. cm. min.) and of 97% C,H, + 3-:0% 
MCH, (activity 2-83 x 10* counts/n. cm.’ min.). 

+ The given value having a dimension of time should not be identified with the reaction time in the 
sense adopted for a reaction proceeding in a closed vessel. 

t Radioactivities of C,, Cy, and acetylene were measured as follows. Corresponding inactive gases 
were added to the mixture studied, and the mixture was then separated in a chromatographic column. 
The radioactivities of separated fractions of C,, C, and C,H, were then measured, and concentrations 
of radioactive gases in each mixture were determined from radioactivity values. 


5 Brodsky, Kalinenko, and Lavrovsky, Khimia i technologya topliva, 1956, No. 8, 18. 
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(1960) Governing High-temperature Ethane Cracking. 
TABLE 1. 
Reduced 
reaction Expansion pes res 
time (sec.) coefficient («) C,H, C,H, 
Initial mixture: 
At 770° + 2° 
0-06 1-06 86-6 5-4 
0-08 1-055 88-7 4-4 
0-14 1-075 84-5 6-9 
0-185 1-13 79-7 8-6 
0-26 1-12 76:1 10-3 
0-415 1-17 68-7 14-2 
0-72 1-23 60-0 19-5 
0-82 1-36 51-0 22-4 
At 840° + 2-0° 
0-008 1-04 89-0 4:5 
0-0415 1-25 59-5 18-3 
0-0625 1-27 55-7 21-1 
0-0735 1-38 45-3 25°6 
Initial mixture: 97% of C,H, + 3% of 
0-0078 1/19 63-54 18-7 
0-0117 1-23 58-8 20-5 
0-0152 1-34 48-6 24-1 
0-0156 1-38 50-2 22-5 
0-0192 1-35 47-5 25-1 


TABLE 2.* 


t (sec.) 
0-14 
0-185 
0-26 
0-415 
0-82 
0-008 
0-026 
0-0415 
0-0625 
0-0735 
0-0078 
0-0117 
0-0152 
0-0156 
0-0192 


* Where the error in radioactivity measurements is not shown it does not exceed 3% 


5-05 0- 
4:3 0- 
5-4 0- 
8-6 0- 
10-3 0- 
13-3 0- 
16-7 1- 
21-7 0- 
4:3 0- 
17-9 0- 
19-0 0- 
24-2 0- 
At 890° + 2° 

15-5 0- 
17-4 0- 
23-7 0: 
22-6 0- 
23-55 0- 


formed (A)) to that in 1 cm3 of the initial gas (Aj). 
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or 


5 


Ratio of the i-th component radioactivity contained in 1 cm.3 of the gas 


i = Coke (CO,) 


28 +01 
3-9 + 0-2 
6-35 + 0-4 
17-2 + 0-9 
5-05 + O-1 
14-4 + 0-6 
28-8 + 0-3 
30-7 + 1-5 
0-35 
4-25 
17-3 
14-2 
13-2 


relatively. 


The radioactivity of the initial mixture was 5-35 x 10* counts/n.cm.* min. at 770° and 840° c; 2-83 x 
10* counts/n.cm.* min. at 890° c. 


T (°c) ¢ (sec.) 
890 0-0156 
830 0-057 
800 0-115 
782 0-185 


TABLE 3. 


C,H, 
% of 
A Xe; Ac.u, ‘A xc; 
402 200 51 
136 69-5 58 
85 54 67 
oe. {T ier 


(A\/A,) x 10° 


C,H, 
% of 
Ac,n, A Xe; A Xe, 
190 49 24 
50-5 42 12-8 
27 33 5-25 
a Ligai tg 


C,H 10 


Ac wy 
2-2 


1-2 


0/ 
% of 
Axe, d 


9 


40-1 


Distribution of radioactivity in C, and C, fractions. 


C,H, 
% of 
Acus Axe, 
12 50 


10 33 


C,H, 
% of 
Aw, A xc, 
9-8 41 


0-8 27 


of bivinyl (30—40%) and butenés (30—50%); at 782° its content in butane, butenes, and 
bivinyl was about the same. 


Let us consider further the distribution of radioactivity in reaction products. 


Corre- 


sponding data for different temperatures at various reduced reaction times are given in 


Tables 2 and 3. 
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DISCUSSION 


The values of the rate constants of the overall process were determined as follows, 
Consideration of the results obtained has shown ° that intensive intermixing took place in 
the reaction vessel under the experimental conditions, and gas composition over the reaction 
zone was constant. Consequently, the overall cracking constant values k were determined 
from balanced equations, on the assumption that the cracking reaction is of first order with 
respect to [C,H,]: 


T T . ; 

(CoH - 7 ’ = (GH 7. - Po. w + R{C,H,)Ve 

where [C,Hg], is the concentration of ethane in the initia] mixture, [C,H,] is the corre- 
sponding concentration in the reaction zone, ws (cm.*/sec.) is the volume rate of the gas 
supply at the inlet to the fluidized bed, and w is the corresponding velocity at the reactor 
outlet, & is the cracking rate constant, and « is the porosity. 


Fic, 3. Ink as a function of 1/T 











Fic. 2. Cy/aC = [C,H¢]/a[C,H,] as a function of t. ~*~ 
ww " \ 
be ~ 
~< 

f 

= 

S it 
O- 

EE ee ee ee ee 
ov O2 oJ o4 O08 , 
bss * 
-/ ae ¥ SE 
(1) 770°, (I) 840°, (Ill) 890°. 0850 0875 0900 0925 0-950 


109/r 


At wy = w/a and ¢t = VeT,p/wTp, (where « is a factor to allow for gas expansion 
caused by cracking and ¢ is the reduced reaction time) we obtain from the balanced equation 


[CHg]o/2[CyHg] = 1 + he 


The overall cracking rate constant calculated from plots of Fig. 2 appeared to be 05 
sec. at 770°, 6 sec.! at 840°, and 30 sec.! at 890°. Deviations from first order were not 
observed up to very high degrees of conversion. Consequently, self-inhibition of ethane 
cracking observed at lower temperatures, and increasing with the degree of conversion, 
was substantially diminished, if not absent, at least under the experimental conditions. 

Fig. 3 is a plot of lnk versus 1/T. The activation energy of the overall ethane cracking 
process calculated by this dependence was determined as E = —d In k/d(1/T), and 
appeared to be 82 + 1-5 kcal. over the temperature range investigated, the pre-exponential 
factor being 10! sec.*}. 

Such an increase in activation energy as compared to the value of 69 + 2 kcal./mole 
established at lower temperatures is of considerable interest. It may be naturally 
connected with a change in the overall mechanism of the process as the temperature is 
raised, and with the nature of temperature dependence of the unimolecular decomposition 
rate. This would also help to explain the empirical pre-exponential factor increase to 10". 

It will be noted in this connection that the activation energy of the inhibited cracking 


* Brodsky, Kalinenko, and Lavrovsky, Zhur. phys. Chim., 1960, $4, 192. 
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reaction ’ is about 77 kcal./mole even at moderately high temperatures and approaches 
the value obtained by the authors for high-temperature conditions. 

The absence of self-inhibition of ethane cracking under the experimental conditions, 
up to high degrees of conversion, is emphasized. 

We now consider in detail the composition of the cracking products. As indicated in 
Table 1, a temperature rise would result not in an increase but in a slight decrease in CH, 
and coke yields at identical degrees of conversion. This is in agreement with previous 
results ?.on high-temperature cracking of gaseous alkanes and oil products obtained before, 
and with the conclusion that, with rise of temperature within certain limits and at a corre- 
sponding shortening of the contact time, the yield of main products (e.g., olefins in the 
cracking of gaseous alkanes) will increase, and the yield of side products, particularly coke, 
will decrease. 

In considering the above results on the distribution of radioactivity, the most important 
fact seems to be that maximum radioactivity is observed for the C, fraction. The specific 
radioactivity of this fraction is obviously particularly high. Its value could not be 
determined explicitly, since measurements of the amounts of C, formed in the course of 
the reaction were approximate and accurate only to within the ratio of 1-5—2. Estimation 
of the C, specific radioactivity gives values exceeding those of C,H, and C,H, by 2 or 3 
powers of ten. The specific radioactivity of the C, fraction is also very high and exceeds 
that of C, hydrocarbons by more than an order. The specific activity of C,H, was slightly 
higher than that of C,H, in all experiments. Apparently, labelled C,H, was formed not 
only from C,H, but also from more active C, and C, as well. The specific radioactivity of 
coke is also substantially higher than that of C,H, and C,H,. Hydrocarbons of a higher 
molecular weight also seem to participate in its formation. 

As shown by analysis of C,* and C,* fraction compositions (Table 3), 50—60% of the 
C,* fraction was represented by C,*H, and 50—40% by C,*H,, whilst the main activity 
of C,* was found in bivinyl (30—40%) and butene (30—50%).* 

Consideration of experimental results on the distribution of activity in reaction 
products leads to a direct qualitative conclusion on the occurrence of radical reactions in 
the system investigated. This is in keeping with earlier studies. Indeed, radioactivity was 
found in reaction products that could hardly be conceived to be formed from labelled 
methane in a way other than by the radical mechanism. However, quantitative treatment 
would be necessary to estimate the rdéle of radical reactions in the overall cracking process. 

On the basis of the conventional radical-chain scheme the following reactions may be 
considered to occur at high temperatures in the given system involving ethane and 
additions of labelled methane. 

Chains were initiated essentially by the splitting of C,H, into two methyl radicals: + 


(i) C,H, —» 2CH,; , 
This was followed by reactions of the type ft 
(ii) C,H, + CHs —» CH, + C,H5; kaon,,c.4) 
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Recombination of hydrocarbon radicals proceeded homogeneously and by binary 
collisions; in hydrogen-atom recombination the main part was played by three-body 
collisions : ; 


R, + R, —» R,R;; ks 
(iii) R+ H—» RH; kh,’ 
2H + M—+» H, + M; k,”” 


(R-may be CH, C,H;, or C,H,) 


* Molecules containing a radioactive “C atom are denoted here and hereinafter by an asterisk. 
+ The chain initiation reaction C,H, ——» C,H, + H will be neglected here. 
t Constants are defined in accordance with the reaction order of the radical-chain scheme. 


7 Steacie and Shane, Canad. J. Res., 1940, B, 18, 351. 
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The chain-propagation reaction proceeded by ethyl-radical decomposition : 
(iv) C,H; —» C,H, + H; ky 
Finally, a disproportionation reaction took place: 
(v) 2C,H, —» C,H, + C,H,; &; 


The formation of active methy] radicals from initially labelled methane could occur 
by reactions 
C*H, + R—» C*H, + RH; &, 
C*H, —» C*H, + H; kya 


Since cracking was investigated under conditions of intensive mixing, concentrations 
of intermediate and end-products may be determined simply by writing conservation 
equations accounting for the withdrawal, formation, and disappearance reactions of 
corresponding products. 

Averaged values for constants of similar reactions were used in some cases, for the sake 
of simplicity. For instance, investigations on reactions such as R; + R,H —» R,H + R, 
were made by using the constant 


hy = Drecn,RA) 1) 


A mean value of kg was used for the overall radical-recombination reaction, including 
hydrogen atoms. 

In accordance with the given scheme, and ignoring the balanced equation for free- 
radical concentration, we obtain 


(R]/t — (2k,[C,H,] — 2%,[R]*) = 0 


Whence 
[R] = [/(1 + 16 2,k,[C,H,]) —1)/4k¢ . . . . «© (I) 
Expressions 
cH) —CHGHI+AIRICHY ig 
: + kecu,,m)|M)é + k,[R]t 
and je 
[C,H,] = . RlCoHe)(Rit good. + aa 


1 + hacoyuryan{ Mt + Ry[Rilt + hel 
are derived in asimilarway.* Here [M]and[R]areconcentrations of molecules and radicals 
respectively in the system. 


Hence a formula describing variations in labelled methyl-radical concentrations with 
change of ¢ will be written as 


(CHIR + bul CH) 
1 + kocu, [Mt + 2,[R, Jt 


In studying the mechanism of formation of labelled products, allowance should be 
made for the fact that in the case considered the radioactivity of methane in the reaction 
mixture was about 10°—10® times that of all other products, and consequently the 
concentration of C*H, was considerably in excess over that of all other active radicals. 

Thus the formation of Jabelled ethane could proceed by reactions 

CH, + C*H, —» C,*H, 
C,*H, + C,H, —» C,*H, + C,H; 
C,*H, + C,H; —» C,*H, + C,H, 


(c* Hg) cad (4) 


* The introduction of identical k, values into (2) and (3) corresponds to the definition of the given 
constant with an accuracy to within 2 (Vedeneev, Doklady Akad. Nauk S.S.S.R., 1957, 114, No. 3, 571). 
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However, if allowance is made for the high concentration of [C*H,], comparative 
estimation of the amounts of C,*H, formed by this reaction would show that labelled 
ethane is formed essentially by the first route. Consequently only this route was taken 
into account in calculations. The following equation was obtained: * 


[C,*H,] = ky[CH,][C*H,]¢/(1 + Re) fy condor feet dealiag 


Similarly, labelled products forming the C,* fraction were obtained on recombination 
of C*H, and C,H,. 
The reaction involving formation of C,* by the scheme 


(vi) C*H, + C,H, —» C,*H, —» C,*; ky 


can be neglected here, since at the high temperatures investigated the equilibrium of the 
given reaction is shifted completely to the left, and since the corresponding rate constant 
value is relatively small. It will also be noted that the C,* fraction composition is in 
support of the suggestion that its formation occurs essentially by a recombination of 
C*H, and C,H;. Indeed, a reaction of this type would yield propane, and reaction (vi) 
essentially propene, whilst under the investigated conditions 50—60% of the C,* frac- 
tion was represented by C,*H, and 40—50% by C,*Hg, the latter being essentially, if 
not entirely, a product of C,*H, cracking. 

In accordance with the adopted mechanism of the C,* fraction formation, the 
accumulation of this fraction in the course of the reaction is described by the equation: 


[(C3*] = kg(C*Hg)(C.H5)¢/(1 + fo, (é)¢] ere! te he oh 


where fo,() is the rate function of the disappearance of the C, fraction at a concentration 
equal to unity. 
The formation of active hydrocarbons in the C,* fraction could occur by several routes: 


(iiia) C,*H; + C,H; —» C,*Hj, 

(iiib) C*H, + C,H, —» C,*Hy, 

(via) C,*H,; + C,H, == C,*H, —» C,* 
(vib) C,H, + C,*H, == C,*H, —» C,* 
(viia) C,*H, + C,H, —» C,*H, + H, 
(viib) C,H, + C,*H, —» C,*H, + H, 
(viic) C,H, + C,*H, —» C,*H, 


If C,* were formed by reactions (vii), the C,* fraction specific radioactivity would not 
exceed that of C,*H, and C,*H,. But in reality the specific radioactivity of C,* is 1O—15 
times that of C,*H, and C,*H,. Consequently, the molecular mechanisms of the C,* 
fraction formation will be of secondary importance in the case considered. The formation 
of active hydrocarbons of the C,* fraction by reactions (via and b) can be ruled out for the 
same reasons that were suggested for the discarding of reaction (vi) in the formation of C,*. 
Let us further consider independently the possibility of C,* formation by reactions 
(iiia and b), the C,* concentration being represented by equations 


[C,*] = Ae[Co*H,][C.H,Je/[1 + fo) . . . =. (7 
(C,*] = kg[C*H,][CgH,]¢/[1 + fof] . . . « « (Ta) 


where fo,(¢) is a function of the C,* disappearance rate. 
If (iiib) is assumed, according to (6) and (7a) the ratio of C, to C, concentrations should be 


(C,H;) _ [G,*] 
CyH,] S 
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3_/ — 10—20 
(C,*] 

* According to ref. 8, the isotope effect brought about by change of the cracking constant & on 
transition from C,H, to C,*H, amounts to some 10%. Since such deviations are within the accuracy 
of determination, no distinction will be made hereinafter in labelled and unlabelled compounds. 


* Brodsky, Kalinenko, and Lavrovsky, J. Appl. Rad. and Isotopes, in the press. 
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at 1 + fo,(¢>1+ fo,(i)t, as under experimental conditions the concentration of C,H, 
did not exceed | 0-05—0-1%, and since C,H, radicals are formed from C,H,. But in reality 
[C,*]/[C,*] > 107. Thus the reaction (iiia) of ethyl-radical recombination should be 
considered as the main route of C,* formation. 

As stated before, the specific activity of C,*H, exceeded that of C,*H, in all experiments, 
so that ethane could not be the main source of formation of active ethylene. Considerable 
amounts of C,*H, were apparently yielded by propane in particular in accordance with 


scheme 


C,*H, + H 


Consequently the overall amount of the active ethylene yield was determined from 
the equation 


(C,*H,| nei Rt(C,* Hg) os $(k,(C*H ][(CH,]¢ = C;*) © jehp # tit (8) 


the 4 factor being characteristic of the statistical probability of C,*H, formation from 
C,*Hsg. 

In calculating elementary reaction rate constants, balanced equations of stable products 
involving radical concentrations as a function of ¢, were correlated with experimental 
curves. The chosen combinations of experimental values were linearly dependent on . 
For the sake of brevity, detailed analysis will not be discussed here. Rate constants for 
elementary reactions and their combinations summarized in Table 5 were obtained in 
this way. 

Concentrations of CH,, C,H;, and C*H, radicals given in Table 4 were obtained from 
(2), (8), and (4). 

As seen from Table 4, it may be assumed that [R] = S [Rj = [CH,] + [C,H,], i.e 
CH, and C,H, radicals represent the main radicals in the reaction system. 


TABLE 4. Radical concentrations (per cm.) in ethane cracking. 


Radicals 770° 840° 890° 
i) ere 2 ee 2-6 x 1018 10" 3 x 10! 
TRAE Wicenorcubedsnemmedinateneees 5 x 10% 5 x 108 7-8 x 10% 
Picaital cxcocsaccvesersotdneetdeensese 2:5 x 10% 19 x 10" 3-4 x 10" 
Ran bb veicb intcasd vuspsconasedatene 3-7 x 10% 2-8 x 10" 3-8 x 10" 


TABLE 5.* Reaction rate constants in ethane cracking as determined from experimental 


results. 
PZ exp (— E/RT) 

rg Reactions PZ E 770° 840° 890° 

C,H, —» C,H,+ H, 69 x 10% 82 0-5 6-0 30-0 
fe C,H, —»> 2CH, 1014 82 66x10 78x 103 44x 10% 
ae w» CH, + C,H, —> 7 x 10714 12 22x 10% 28x 107% 4 x 10% 

—» CH, + C,H, 
halk, 25x 10% 12x 10% 33x 107% 
ks R, + R, = R,R, 5 x 1073 
hs R,(H) + R,H —» 12x 10% 35x 10 53x 10% 
‘ —»> R,H(H,) + R, 

hlky 1 1-6 2-5 
ky C,H, —» C,H, + H 10” 36-5 22x 10? 6 x 10? 13 x 10 
100%,/k 2-4 3 3-3 


* The concentration is taken in molecules/cm.*. 


Now let us consider the part of chain reactions in ethane cracking under experimental 
conditions. In accordance with the conventional scheme, the reaction C,H, —» C,H, +H 
is commonly considered to represent the chain formation of C,H, from C,H,g. 
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The rate constant for the overall process of ethylene chain formation will consequently 
be’written as i 
ha{CgH] _ hgke[RIt 
(CoHg] 1 + Recon, Mt + Re[R]t + gt 


the chain reaction part being represented by &,/k, where k is the experimental overall 
constant of ethane cracking. 

Calculation of k,/k by the above formula shows that formation of C,H, by a chain 
reaction amounts only to 2—3 per cent over the entire temperature range. Since this 
calculation does not account for the difference in averaged rate constant values for 
metathetic reactions of radicals with CH, and C,H, molecules, the above value might 
prove to be slightly higher, but not more than by a factor of 2—3. 

The upper limits of k, values were determined independently, by using only experi- 
mental values. Thus the following relationship was obtained by means of (6) and (7): 


[(C,*] __ 1+ fo,@é  [C,*Hs] 


ke = 





(9) 





(C,*] 1 + fot” (C*HG] (10) 
Accounting for 
L+folft>1+fgfft . . . ss . (1) 
and (C,*H,] > &,[C,*H,]¢ 
we obtain 
: hgke[ Rt < (C*H gle — (G*IG*H) = gy 


~ 1+ Reou,a(M]t + Bg(Ri + kt  (C*H) ~ (C,*1(C*H,) 


It follows from this inequality, upon introduction of experimental values, that at 770° 
the formation of C,H, by chain reaction did not exceed 7%, and at 890° 2% of the overall 
C,H, formation rate. 

Thus, as confirmed by two independent calculations, the formation of C,H, from C,H, 
by a conventional chain mechanism does not exceed 5—10% under our experimental 
conditions and over the range of temperatures investigated. 

It must be emphasized that in accordance with data obtained for the above tem- 
perature range, generalized steric factors for basic radical reactions of cracking appear 
to be very low (10%—10%). Thus a value of 5 x 10 was obtained for the recombination 
constant in accordance with above calculations. Allowance being made for the negative 
coefficient of the given reaction constant,® it may be seen that the commonly accepted 
steric recombination factor of unity will be valid only at temperatures near that of the 
room. The metathetic reaction constant for CH, + C,H, —» CH, + C,H, is also in 
agreement with the low steric factor value of 7 x 10“, in accordance with work quoted 
in ref. 2. 

A similar steric factor will be obtained for an average rate constant k, of a metathetic 
reaction. Allowance should only be made for the fact that the temperature coefficient 
of the constant 


: H CH, C,H 
ky = kum 3 + kau, CR + Rogan a 


is essentially dependent on increase in hydrogen-atom concentration with temperature, 
since keg wy) > Roon,,my» 22(0,4,,M)- 

The pre-exponential factor value for k, obtained in this work appeared to be 10° times 
lower than the commonly accepted value of 10'3. It will be noted, however, that values 
of k, were determined by means of complicated indirect calculations and were less precise 
than calculations made for other constants. 


* Ingold and Lossing, J]. Chem. Phys., 1953, 21, 368, 1135. 
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However, the general conclusion as to the small part played by the conventional 
radical-chain mechanism does not depend on k,, which enters into both the nominator and 
the denominator of (12). It will also be noted that the measured radical concentrations 
are near to equilibrium, and this is additional evidence for the absence of inhibiting effect 
by the wall. 

It is noteworthy that C, and C, hydrocarbon fractions obtained in ethane cracking in 
minor amounts were undoubtedly formed by the radical route under the conditions 
investigated. This follows from the high specific radioactivity values noted above, and is 
essential for the understanding of cracking-inhibition effects exerted, for instance, by 
additions of nitric oxide. The complicated nature of this phenomenon is confirmed by the 
fact that nitric oxide does not inhibit C, formation in cracking, as observed by Silcocks.” 
It was obviously erroneous to ascribe it to a molecular formation mechanism. 

The overall relative increase in the radioactivity of high-molecular and condensed 
products (coke) is in support of the prevailing chain mechanism of secondary cracking 
reactions under experimental conditions. 


The authors are indebted to V. B. Titov for his help and collaboration in the experimental 
part of this work. 


INSTITUTE OF PETROCHEMICAL SYNTHESIS, 
LENINSKI PROSP. 29, Moscow, U.S.S.R. (Received, January 11th, 1960.) 


10 Silcocks, Proc. Roy. Soc., 1956, A, 288, 465. 


864. Physical Properties and Chemical Constitution. Part 
XXVIII.* Pyridine Derivatives. 


By Cottn T. Kyte, GEorGE H. JEFFERY, and ARTHUR I. VOGEL. 


Pure samples of pyridine, «-, 8-, and y-picoline, 2-, 3-, and 4-alkylpyridines 
(ethyl to n-heptyl), 2,3-, 2,6-, 2,4-, 2,5-, and 3,5-lutidine, 2-, 3-, and 4-acetyl- 
pyridine, and the alkyl (methyl to n-heptyl) esters of picolinic, nicotinic, and 
isonicotinic acid have been prepared and their physical properties (refractive 
indices at 20° and densities and surface tensions over a range of temperatures) 
have been determined: representative ultraviolet and infrared spectra were 
also measured. The CH, differences for parachors, molecular refractions, 
and molecular refraction coefficients for the 2-, 3-, and 4-alkylpyridines and 
for the n-alkyl esters, as well as the corresponding constants for the 2-, 3-, and 
4-pyridyl group, have been evaluated. 

Subsidiary measurements on formyl-, hydroxymethyl-, and acetyl- 
pyridines, dialkyl oxalates, and aliphatic aldehydes have also been made. 


No systematic investigation of the physical properties of pure pyridine derivatives was 
available when the work described in this paper began, in September 1953.1 After 
completion of our experiments on pyridine and alkylpyridines, an exhaustive study at the 
National Chemical Laboratory, Teddington, of the purification of pyridine, the isomeric 
picolines, and 2,6-lutidine and some of their salient physical properties was published: * 
although we worked with small quantities of commercial starting materials and by simpler 
procedures, our results agree excellently with these, even to identity of ultraviolet and 
infrared spectra. 

Pyridine and Alkylpyridines.—The purification of pyridine and «-, 6-, and y-picoline is 
described in the Experimental section. We find, contrary to the experience of Heap, 


* Part XXVII, J., 1959, 3521. 


' Kyte, Ph.D. Thesis, London, September, 1956. 
? Biddiscombe, Coulson, Handley, and Herington, J., 1954, 1957. 
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Jones, and Speakman,’ that each of these bases gives two zinc chloride complexes 
(Base),,ZnCl, and (Base),,HCl,ZnCl,; these are readily separated by their differing 
solubilities in hot ethanol and can be recrystallised to sharp and constant melting points 
(the former salts have the higher melting points). The complexes (Base),,HCI,ZnCl, are 
preferred for purifications. For §-picoline, the y-picoline and 2,6-lutidine are conveniently 
removed by utilising their greater reactivity with a mixture of phthalic anhydride and 
acetic anhydride.* y-Picoline, regenerated from the “ acid”’ zinc chloride complex, was 
treated with urea to remove 2,6-lutidine: the pure compound is obtained by fractional 
freezing in a special apparatus (see Appendix). 

Five lutidines were investigated. Purification of 2,3- and 2,6-lutidine was effected via 
the insoluble urea complexes; 2,5-lutidine via the phenol complex, which is solid at room 
temperature; 2,4-lutidine via the hydrochloride prepared in benzene solution; and 3,5- 
lutidine was a synthetic product. 

In all cases purification was effected in three stages: (i) fractional distillation, (ii) con- 
version into a solid derivative, followed by regeneration of the base until the physical 
properties (density, refractive index, and ultraviolet spectrum) were constant, and 
(iii) fractional freezing. 

2-, 3-, and 4-Alkylpyridines were prepared by alkylation of the corresponding picolines 
in the presence of sodamide: 5 


C5H,N*CH, + NaNH, == C;,H,N-CH,-Nat -++ NH, 
C,H,N*CH,-Nat + RX —t» C,H,N-CH,R + NatX- 


Alkyl chlorides are the preferred alkylating reagents. The experimental conditions for 
reaction depend on the picoline and the physical state of the sodamide. With «-picoline 
and a colloidal suspension of sodamide in xylene, only monoalkylation ensued at 140° 
(cf. Brown and Murphy * who found it necessary to keep thé temperature below 15° in order 
to prevent disubstitution with sodamide freshly prepared in liquid ammonia). y-Picoline 
reacted more vigorously with colloidal sodamide in xylene and an alkyl chloride: the 
optimum yield of n-alkylpyridine C;H,N°CH,R (ca. 36%) was obtained at 0° but this was 
usually accompanied by 19—20% of dialkylated product C;H,N-CHR, together with 
unchanged y-picoline; formation of the dialkylated product can be avoided by alkylation 
in liquid ammonia. Satisfactory monoalkylation of §-picoline requires use of liquid 
ammonia solutions and sodamide prepared in this solvent. It is interesting that the 
carbanions X-CH, formed by interaction of sodamide and monomethylpyridines are 
coloured: that from «-picoline is red, y-picoline green, and 8-picoline yellowish-brown. 
This colour is completely discharged when the equivaJent quantity of alkyl halide is added. 
In liquid ammonia solution there is some competition between the carbanion and the 
amide ion for the alkyl halide, and some of the latter is converted into the alkylamine. 
The best yields of n-alkylpyridines are obtained by using a small excess of alkyl halide and 
sodamide to allow for this side reaction. Alkylamine formation interfered most seriously 
when the lower alkyl halides (particularly iodides) were involved; thus the yield of 3-ethyl- 
pyridine was only 5—10% with 8-picoline and methyl bromide or iodide, but was improved 
appreciably by using a large excess of both sodamide and alkyl halide. No difficulty was 
experienced in preparing 2- and 4-ethylpyridine by this method, but the b. p. of the 4-ethyl- 
pyridine was not altogether satisfactory. The preferred method for preparation of the 
pure monoethylpyridines was Wolff—Kishner reduction of the methyl ketones. 

Secondary alkylpyridines were readily prepared in liquid ammonia by using two 
equivalents each of sodamide and alkyl halide, or by alkylation in two stages: X*CH, —» 
X-CH,R —» X-CHRR’. ‘ 

3’ Heap, Jones, and Speakman, J. Amer. Chem. Soc., 1921, 43, 1936. 

* Reithoff, Savitt, Richards, and Othmer, Ind. Eng. Chem. Analyt., 1946, 18, 458. 


5 Cf. Tchitchibabin, Bull. Soc. chim. France, 1936, 3, 1607; 1938, 5, 429, 436. 
* Brown and Murphy, |. Amer. Chem. Soc., 1951, 73, 3308. 
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4-Alkylpyridines (ethyl to n-butyl) were also prepared from pyridine by a slight modific- 
ation of Wibaut and Arens’s method.’ The physical properties of the purified products were 
in good agreement with those obtained by the alkylation of y-picoline. 

n-Alkyl Pyridinemonocarboxylates.—Pure picolinic, nicotinic, and isonicotinic acid were 
prepared by oxidation of the pure picolines with potassium permanganate.’ The esters 
of picolinic acid (methyl to n-pentyl) were prepared by the hydrogen chloride method, as 
were n-butyl nicotinate and ethyl and n-propyl isonicotinate. The sulphuric acid method 
was employed for methyl, ethyl, n-propyl, and isopropyl nicotinate and for methyl, n- 
propyl and isopropyl isonicotinates. The higher esters (and also s-butyl and t-butyl 
nicotinate) are readily obtained by conversion of the acid with thionyl chloride into the 
acid chloride hydrochloride, followed by reaction with the appropriate alcohol; they were 
purified by conversion in ether solution into the insoluble hydrochlorides, a procedure 
which removes traces of sulphur compounds. 

Physical Data.—The results for parachors (P), molecular refractivities (R), and 


TABLE 1. Mean values for CHg. 


Compounds r Re Rp Ry Re: Mny* 

” Alkylpyridines — .............000++ 39-2 4-63 4-65 4-70 4-76 20-59 
elie cate naeetabashaxe 0-6 0-00, 0-00, 0-02 0-06 0-04 

2 Alkylpyridines —..............00+ 38-8 4-63 4-65 4-70 4-75 20-55 
IRA so lt EE EM 0-7 0-00, 0-00 0-01 0-00, 0-05 

‘ Alkylpyridines —..........se.s0005 39-4 4-63 4-65 4-70 4-76 20-60 
iddaiibhinimiiaetinavoondeenscideidhiied 0-6 0-00, 0-00 0-00, 0-02 0-09 
Alley SEOUENOEE  cicccccscscoseeses 37-7 4-62 4-64 4:69 4-75 20-52 
SUSd domenica denesdedcsouccceswedetoooes 0-7 0-01 0-00,, 0-01 0-04 0-09 
Alli nicotinates ..............++ 38-4 4-62 4-63 4-69 4-74 20-52 
sepnbeqibgusibecnisendgrenmtongeeesies 0-6 0-02 0-02 0-03 0-04 0-34 

Allyl isonicotinates ............+.. 39-0 4-62 ' 4-64 4-70 4-75 20-50 
00 febesabdedgseoonesecsope teyeonmaneses 0-7 0-01 0-01 0-01 0-04 0-09 


molecular refraction coefficients (Mn,”°) for all the compounds investigated are collected in 
Tables 5 and 6 (pp. 4467 and 4468). The mean values of the CH, increments for the various 
series were calculated by the method of least squares, and are given in Table 1: the data 
for the methyl compounds (for P) and for the methyl and ethyl compounds (which appear 
to be anomalous for R and Mn,”) were not used in the calculations; s is the standard 
deviation. The mean values for the CH, increments agree well with those found from 
normal aliphatic hydrocarbons ® and other series; the parachor values seem somewhat low. 

It is of interest to compute the constants for the pyridyl group (C;H,N). The follow- 
ing expressions may be used: 


Alkylpyridines: (C;sH,N) = (C;H,N)R — (R)-— (CC). . . . sw (I) 
where (R) is the constant for the alkyl group: 


Pyridinecarboxylic esters: 


(CgH,N) = (CgH,N)CO,R — 4(CO,R).—1(C-C) - . . . Q) 
where (CO,R), is the corresponding di-n-alkyl oxalate; # or 
(C;H,N) = (C;H,N)CO,R — (R) — (C=O) — (C-O) — (CC). . . (3) 


Expression (2) is preferred to (3) since some allowance is thereby made for the effect of 
conjugation of the carbonyl group with the pyridine ring. The mean results for the 
pyridyl group are collected in Table 2; in the deduction of the mean values, methyl has 


? Wibaut and Arens, Rec. Trav. chim., 1941, 60, 119; 1942, 61, 59; cf. Frank and Smith, Org. Synth., 
1947, 27, 38. 

8 Black, Depp, and Corson, J. Org. Chem., 1949, 14, 14. 

® Vogel, Part IX, J., 1946, 133. 

10 Some new experimental data for di-n-alkyl oxalates are given in the Experimental section; see 
also Part XIII, J., 1948, 631. For constants used in the calculations, see Part XXIV, J., 1962, 514. 











“% 5% os o y™% bo 


tho: 
calc 


exp 


fron 


Most 





fic- 


ere 


ityl 
the 
ere 
ure 


and 


wm bo bo 


a 


din 
ious 
Jata 


pear 
lard 
rom 
low. 
low- 


2) 


(3) 


ct of 
- the 
| has 


ynth., 


3 
51 





(1960| Chemical Constitution. Part XXVIII. 4457 


been neglected for the parachor, and both methyl and ethyl for the refractivities;. s is the 
standard deviation. The constants derived from the monoalkylpyridines for the pyridyl 
group are regarded as the most trustworthy; it is doubtful whether adequate allowance for 
conjugation is made in the method of calculation used for the esters. The mean values are 
compared below with those deduced from the experimental data for pyridine: (C;H,N) = 
C;H;N — (C-H). The small differences found in the constants derived from the 2-, 3-, and 
4alkylpyridines are regarded as outside the limits of experimental error, but for most 
purposes a mean value is sufficiently accurate. 


(Cs;H,N) P Re Rp Ry Ry Mnyp” 
From alkylpyridines ............... 174-1 22-59 22:77 23-32 22-74 115-54 
BOT WYEMEND = kc ccceseciieccccsdses 180-5 22-15 22-40 22-85 23-13 115-59 


TABLE 2. Mean constants for pyridyl groups from alkylpyridines and esters of 
pyridinecarboxylic acids. 
Compound P Rg Ry Ry Ry Muy” 


2-Pyridyl group 


Z-Alkylpyridine ............sccccesss 173-9 22-67 22-84 23-41 23-85 115-23 
GB ccccccccccccccccccccccccccccccccccscecs 1-5 0-01 0-00 0-03 0-06 0-02 
Alkyl picolinates ...............02. 171-0 22-31 23-01 23-08 23-60 118-51 
Dt pipsino dep damhesseerdprcacepeconctoenses 3-0 0-02 0-02 0-02 0-05 0-19 


3-Pyridyl group 


3-Alkylpyridines .............00005 173-2 22-56 22-74 23-29 23-70 115-68 
Bt dvsvendcwedessnccscstcvsedsdedsconccees 3-3 0-01 0-00 0-03 0-02 0-07 
Alkyl nicotinates ..............000; 172-6 22-26 22-96 23-03 23-54 117-63 
i epecapedesoevedsancobepesnessoessseeses 2-5 0-01 0-02 0-02 0-03 0-24 
4-Pyridyl group 
4-Alkylpyridines ................0. 175-2 22-55 22-72 23-27 23-68 115-72 
De Bcc sip ienciccdcdinncdeceedccecsessibanse 0-9 0-01 0-00 0-03 0-04 0-05 
Alkyl nicotinates ..............066. 173-0 22-20 22-90 22-96 23°47 117-12 
De censesvapacseusyeesdioanceevesonccbsors 1-7 0-02 0-02 0-02 0-05 0-25 


A comparison of the calculated values of some physical properties of the lutidines with 
those deduced from the actual experimental observations is of some interest. The 
calculated values were obtained by evaluating the contribution of the CH, group in the 
a-, B-, and y-positions of the picolines (C[;H,N-CH, — C;H,NH) and adding this to the 
experimental values of the appropriate picoline. The results are collected in Table 3. 


TABLE 3. Lutidines: observed and calculated results. 


P Rp Mny*” 

ram Ae —, "me Pn —, ' ne — 

Lutidine Obs. Calc. Obs. Calc. Obs. Calc. 
TEES capaciubteandneees 275-4 276-2 34-03 34-04 160-45 160-10 
MP bavdddicucexcdiset 276-4 2748 33-92 33-96 160-82 160-55 
be ibe ca cddsdcswes 274-2 275-5 33-92 33-95 160-78 160-64 
EE Victendpeedeverepea 271-8 275°5 33-78 33-96 161-64 160-64 
ES  ciiinuivetmeantens 274-3 277°1 33-80 33-86 161-38 161-18 


Measurements have also been made on hydroxymethylpyridines, pyridinealdehydes, 
and methyl pyridyl ketones. The constants for the pyridyl group (Table 4) were calculated 
from the following relations: 

(C5H,N) = C;H,N’CH,°OH — 2(C-H) — (C-C) — (C-O)cthers — (O-H)atconois 
(C[SH,N) = C;H,N-CHO - (CHO) — (C-C) 
(C5H,N) = C;H,N-COCH, — (C=O) Me ketones ~~ 2(C-C) : a (CHs) 
Most of the constants are given in Part XXIV." The mean values for (CHO), derived 
11 Vogel, Cresswell, Jeffery, and Leicester, Part XXIV, /., 1952, 514. 
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from new measurements on a number of aliphatic aldehydes [((CHO) = R-CHO — (R) ~ 
(C-C)], are as follows: P, 60-5; Ro, 5-15; Rp, 5-16; Ry, 5-28; Rg, 5-32; Mn,, 33-79. 
The hydroxymethylpyridines and pyridinealdehydes were purified commercial samples and 
the results, particularly for pyridine-3-aldehyde, are not as trustworthy as those deduced 
from the alkyl pyridines. 


TABLE 4. Constants for pyridyl group (C;H,N) from pyridine alcohols, aldehydes, 


and ketones. 

P Rp Mn p”” P Rp Mn p” 

2-C,H,N°CH,°OH... 180-8 22-62 117-08 2-C,H,N-COCH, ... 176-9 23-05 117-57 

3-C;H,N°CH,OH ... 182-5 22-60 117-30 3-C,H,N-COCH, ... 178-9 22-94 119-41 

4-C,H,N-COCH, ... 178-9 22-82 118-43 
2-C,H,N’CHO ....... 178-5 23-38 117-52 
3-C,H,N’CHO ...... 180-5 23-43 119-32 
4-C,H,N-’CHO ...... 184-8 23-29 118-73 


Some new measurements on dialkyl oxalates have been made. The mean constants 
for 2(CO,) in oxalates, calculated from 2(CO,) = (CO,R), — 2(R) — 2(C-C), are: P, 64-9; 
Ro, 6-45; R,, 6-47; Ry, 6-60; Ra, 6-65; Mn,”, 64-18. These constants are higher, owing 
to conjugation, than the values derived from aliphatic esters.!° 


EXPERIMENTAL 

Physical Measurements.—Surface tensions were measured by the maximum bubble pressure 
method (for apparatus, see Part XXIV"). The tubes comprising the bubbler were of precision 
bore with the narrow-bore capillary of 0-1—0-2 mm. diameter and the wider-bore capillary of 
2—3 in diameter. The difference in heights of the two arms of the U-tube was determined by 
means of a Precision Tool and Instrument Co. cathetometer, reading to 0-01 mm. The four 
apparatuses used were calibrated with pure benzene. : 

Densities were determined with a Pyrex glass pycnometer (cf. Part III !*) of about 1 ml. 
capacity at 20° (thermostat maintained at 20° + 0-01°), about 41° (methylene chloride vapour), 
about 61° (chloroform vapour) and about 86° (trichloroethylene vapour), the exact temperature 
being read on a small Anschiitz thermometer placed in the vapour-jacket with the pycnometer. 
The density at ¢° (d,') was calculated from the observed densities by assuming a linear variation 
with temperature. The parachor P was calculated in the usual manner; allowance was made 
for the density of the vapour (computed as described by Sugden, Reed, and Wilkins 1*) where 
the temperature of measurement was within 50° of the b. p. of the sample. Only the 
values of the density and surface tension at rounded temperatures (20°, 40°, 60°, and 85°) and 
the mean values of the parachor are recorded. 

The refractive index measurements were made at 20° + 0-05° in a Hilger—Chance 
refractometer (precision model) for liquids. The light sources were an electric sodium lamp for 
the p line, and a Guild hydrogen tube for the c, Fr, and Gc’ lines. The G’ line was sometimes 
rather faint and in consequence nq, is slightly less trustworthy than the other refractive indices. 

Unless otherwise stated, b. p.s are corrected. All the compounds were re-fractionated 
immediately before measurement. The purity of every compound was established by vapour- 
phase chromatography (a Griffin & George VPC apparatus Mark II was employed) and by 
infrared spectroscopy. A modified Claisen flask with 4” or 6” fractionating side-arm packed 
with Fenske helices or with 1/16’ Dixon gauze rings was used for this purpose: if this proved 
inefficient, a larger column 8” or 12” in length, 14 mm. in diameter, packed with 1/16” Dixon 
gauze rings and fitted with a variable take-off head, was employed. 

Pyridine.—Four methods of purification of “‘ AnalaR ” pyridine were used. 

(i) The sample was dried over powdered barium oxide, filtered, and distilled through an 8” 
Widmercolumn. After a small fore-run, the main fraction, b. p. 114-9°/768 mm., was collected: 
it had d7° 0-9819, n,,%° 1-50987. 

(ii) Pyridine (80 ml.) was added with stirring to a solution of anhydrous zinc chloride 
(68 g.) and concentrated hydrochloric acid (42 ml.) in absolute ethanol (200 ml.) After cooling, 
the precipitate, (C;H;N),,ZnCl,,HCl, was filtered off, washed with a little alcohol, and dried in 
the air. The yield was 136 g., and the m. p. 151—152°; two recrystallisations from absolute 

12 Vogel, J., 1938, 1325. 

13 Sugden, Reed, and Wilkins, J., 1925, 125, 1540. 
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ethanol raised the m. p. to 153°. The free base was liberated by addition of an excess of sodium 
hydroxide solution and steam-distilled until the distillate was no longer alkaline to litmus; 
solid sodium hydroxide (ca. 20 g.) was then added to the distillate, and the upper layer dried by 
shaking it with potassium hydroxide pellets, followed by storage for several days over powdered 
barium oxide. On fractionation through an 8” Widmer column most distilled at 115-0°/771 mm. 
and had d;° 0-9828, »,,?° 1-51007. 

The zinc chloride complex produced by adding pyridine to a solution of zinc chloride and 
hydrochloric acid in 50% aqueous ethanol ® melts over the range 150—210°, which is unaffected 
by recrystallisation from absolute alcohol. Recrystallisation from 60% alcohol yields a salt 
of m. p. 203—208°; the m. p. is raised to 208° by further recrystallisation. Extraction of the 
crude product with a small volume of boiling absolute ethanol so that only a small portion of 
the solid dissolves gives a residue of m. p. 200—208°; the alcoholic solution deposits a solid of 
m. p. 150—162°, which melts at 152° after recrystallisation from absolute ethanol. Recrystallis- 
ation of the last material from aqueous solvents leads to a product of m. p. 208°. Analysis 
shows that the complex, m. p. 153°, is the “ acid ” salt (C;H;N),,ZnCl,,HCl, whilst that of m. p. 
208° is (C;H;N),,ZnCl,. 

(iii) A solution of pyridine (60 ml.) in 10% (w/v) hydrochloric acid (300 ml.) was added to a 
solution of mercuric chloride (405 g.) in hot water (2-3 1.), and the mixture was allowed to cool. 
The white crystals of the complex (C;H,;N),,2HgCl, were filtered off, washed with a little 
alcohol, and dried at 110°: the m. p. (178—178-5°) was raised by two recrystallisations from 1% 
hydrochloric acid to 178-5—179°. The base was liberated, dried, and distilled as under (ii). 
The main fraction, b. p. 115-8°/777 mm., had d? 0-9832, n,?° 1-51021. 

(iv) Pyridine (250 ml.) was dissolved in 17% hydrochloric acid (600 ml.), and steam was 
passed through the boiling solution until about 2 1. of distillate were collected; the first few ml. 
of distillate contained oily drops of an evil-smelling liquid. The free base was isolated by 
rendering the residue strongly alkaline with sodium hydroxide, steam-distillation, and addition 
of solid sodium hydroxide (200 g.) to the steam-distillate; the upper layer was dried (KOH, 
followed by powdered BaO) and distilled through an 8’ Widmer column. The main fraction 
boiled at 115-0°/759 mm. and had d7° 0-9831, »,?° 1-51021. These physical constants may be 
compared with those of Timmermans ™ (d?° 0-9830, m,*° 1-5102) and Biddiscombe et al.? 
(@ 0-98310, m,,2° 1-51020). 

A sample prepared by method (iv) was used for the detailed measurements of the physical 
properties. 

a-Picoline.—The starting material was «-picoline of 99% purity (Yorkshire Tar Distillers). 
Four methods of purification were used and are similar to those described for pyridine. 

(i) A sample, dried over powdered barium oxide and fractionated, had b. p. 129-7— 
129-8°/777 mm., d7° 0-9443, n,,2° 1-50109. 

(ii) «-Picoline (90 ml.) was added to a solution of anhydrous zinc chloride (168 g.) and of 
concentrated hydrochloric acid (42 ml.) in absolute ethanol (200 ml.). The resulting white 
crystals were filtered off and recrystallised twice from absolute ethanol (m. p. 118-5—119-5°). 
This was the acid salt (C,H,N),,ZnCl,,HCl. The «-picoline, liberated as described for pyridine 
and fractionated through a 6’ Dufton column, had b. p. 129-7—129-8°/778 mm., d?° 0-9443, 
n,* 1-50102. 

In presence of a larger proportion of water, the complex (Base),,ZnCl,, m. p. 166—168°, is 
also formed and can be separated as described for pyridine. The “ acid ’’ zinc chloride salt 
is preferred in all cases for purification because of the ease with which it is recrystallised from 
absolute ethyl alcohol. 

(iii) «-Picoline (80 ml.) was added to a solution of mercuric chloride (430 g.) in hot water 
(24 1.), and the solution allowed to cool. The resulting white crystals, (C,H,N),,HgCl,, were 
filtered off, washed with a little alcohol, and when dried at 110° melted at 153—154°; two 
tecrystallisations from 1% hydrochloric acid raised the m. p. to 156—157°. The «-picoline, 
isolated as described for pyridine and distilled through a 6” Dufton column, had b. p. 
129-5°/768 mm., d7° 0-9444, n,,*° 1-50106. 

(iv) A solution of the base in 17%, hydrochloric acid was treated with steam (only a minute 
amount of non-basic impurity was separated), the solution rendered strongly alkaline, and the 
liberated base distilled in steam and isolated as for pyridine. It had b. p. 129-5°/770 mm., d? 


an Timmermans, “‘ Physico-Chemical Constants of Pure Organic Compounds,” Elsevier Publ. Co., 
, p. 568. 
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09443, n,*° 150102. This sample was employed for the detailed measurements of the physical 
properties. Freiser and Glowacki ™ give dj? 0-9443, n,*° 1-50102. Biddiscombe et al.? give a 
0-94432, n,,”° 1-50101. 

B- -Picoline. —The starting material was a commercial product of 95% purity (Yorkshire Tar 
Distillers). The likely impurities, y-picoline and 2,6-lutidine, cannot be removed by distillation 
because of the proximity of their b. p.s to that of B-picoline; furthermore d?° and n,, for 8- and 
y-picoline are so close that these cannot be used for detecting the y-isomer in (-picoline, but 
density and refractive-index measurements are useful for the detection of the presence of 2,6- 
lutidine. 

The following methods of purification were investigated. 

(i, ii) Drying and fractionation, or purification by way of the (C,H,N),,ZnCl,,HCl complex, 
gave impure products. 

(iii) For removal of y-picoline and of 2,6-lutidine by acetic and phthalic anhydride (to yield 
highly coloured compounds). The claims of the original authors* are optimistic (cf, 
Biddiscombe et al.*) since a very pale yellow colour is produced by repeated treatment with the 
anhydride mixture, presumably owing to the slow reaction of $-picoline. Nevertheless, a 
modified procedure ultimately gave a very pure product. 

Dry commercial £-picoline (125 ml.), acetic anhydride (31 g.), and phthalic anhydride 
(31 g.) were refluxed for 5 hr. When cold, the product was treated with sodium hydroxide 
(50 g.) in water (100 ml.); the liberated base was isolated by steam-distillation and dried. A 
10 ml. portion of the partially purified base was refluxed with 10 g. of the anhydride mixture: 
a deep orange colour developed after 10 min. All the base was accordingly refluxed with 62 g. 
of the anhydride mixture for a further 5 hr. This procedure was repeated until a test sample 
gave only a pale yellow colour when refluxed with the anhydride mixture, and further refluxing 
of the main bulk with fresh anhydride mixture for 5 hr. did not yield a more intense colour than 
the test sample. A total reflux period of at least 15 hr. was required. 

The preferred procedure for purifying 8-picoline (e.g., for use in the preparation of nicotinic 
acid) was to reflux the base (500 ml.) with the anhydride mixture (250 g.) for 20—24 hr. and 
then distil the whole until oily drops of phthalic anhydride formed in the still-head. The 
distillate was treated with sodium hydroxide (250 g. in 1-5 1. of water) contained in a three- 
necked flask and steam-distilled. Sodium hydroxide (250 g.) was added to the distillate (about 
2 1.), and the 8-picoline which separated was removed, dried (K,CO,, followed by powdered 
barium oxide), and fractionated, then having b. p. 144-0°/767 mm., d?° 0-9566, n,,*° 1-50685 
(Biddiscombe et al.* give d7° 0-95658, n,,*° 1-50682). The infrared spectrum was identical with 
that obtained by Biddiscombe e¢ al. 

y-Picoline.—The starting material was a commercial product of 95% purity (Yorkshire Tar 
Distillers). Four methods of purification were investigated. 

(i) The sample, dried over barium oxide and fractionated, had b. p. 145—145-5°/760 mm., 
d¥ 0-9540, n,,2° 1-50567. 

(ii) The “acid” zinc chloride complex (C,H,N),,ZnCl,,HCl, prepared as described for 
a-picoline, had m. p. 125—129°; four recrystallisations from absolute ethanol raised the 
m. p. to 130—130-5°. The base liberated, after drying and fractionation, had b. p. 145-2— 
145-4°/764 mm., d7° 0-9541, n,*° 1-50571. 

(iii) Commercial y-picoline (100 g.) was warmed to 45° and anhydrous oxalic acid (100 g.) 
was added in small portions at such a rate that the temperature did not rise above 70°. The 
mixture, which solidified on cooling, was dissolved in hot ethanol (100 ml.) and, after cooling, 
the y-picoline hydrogen oxalate filtered off: it melted at 139—141° and at 139—140-5° after 
recrystallisation from absolute ethanol (lit.,4* m. p. 139—140°). The base, liberated by an 
excess of sodium hydroxide solution, dried and, distilled through a 6” Dufton column, had b. p. 
144-8—145-0°/763 mm., dj? 0-9540, »,,?° 1-50550. 

(iv) This procedure is based upon fractional freezing after the removal of the 2,6-lutidine 
impurity by a chemical method. The usual method for removing the 2,6-lutidine via the urea 
complex (cf. Biddiscombe et al.*»1) was not effective for the small amount present in commercial 
y-picoline. 

18 Freiser and Glowacki, J]. Amer. Chem. Soc., 1948, 70, 2575. 

1® Lidstone, J., 1940, 241. 


17 Yorkshire Tar Distillers Ltd., B.P. 584, 148: Riethoff and Pittsburgh Coke and Iron Co., B.P. 
592,384; U.S.P. 2,383,016, 2,295, 606. 
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2,6-Lutidine exhibits strong absorption at 270 mu; y-picoline does not absorb at this wave- 
length. After preliminary trials in which the removal of 2,6-lutidine was followed by ‘com- 
parison of the absorption of fractions at 253 and 270 my, the following procedure was evolved. 

Commercial y-picoline (500 ml.) was added to a solution of zinc chloride (400 g.) in water 
(2 1.) containing a few drops of hydrochloric acid. Steam was passed through the suspension 
until 1-5 1. of distillate were collected. The residue was treated with sodium hydroxide (200 g.), 
and the base isolated by steam-distillation, followed by addition of solid sodium hydroxide, 
ether-extraction, drying, and distillation. The partly purified base, in 100 ml. quantities, was 
subjected to slow fractional freezing, with intermittent gas stirring (the apparatus is described 
in the Appendix) until the initial freezing temperature rose to 4-25° and remained constant; 
five freezings sufficed. In the first experiment 80% was frozen and the initial f. p. was 2-6°; in 
the subsequent four experiments 90% was frozen and the respective initial f. p. were 3-5°, 4-0°, 
425°, and 4-25° respectively. Finally the purified y-picoline was distilled to remove traces of 
moisture: it had b. p. 145-0°/765 mm., d7° 0-9548, ,,*° 1-50584 (cf. lit.,? d?° 0-95478, n,,* 1-50584), 
and the infrared absorption was identical with that reported.? 

Dimethylpyridines.—The following general methods of purification were used. The purest 
commercial products were subjected to (a) efficient fractional distillation, (b) conversion into a 
solid derivative, and (c) fractional freezing to a constant initial f. p. Purification was followed 
in (a) and (b) by measurement of the density, refractive index, and ultraviolet absorption. 
The d and », measurements were useful for 2,3- and 2,6-lutidine since these properties differ 
appreciably from those of the likely impurities: for 2,4- and 2,5-lutidine, only the ultraviolet 
absorption spectrum is of value. Traces of moisture were removed from the final products by 
fractional distillation. 

2,3-Lutidine. A commercial sample (Eastman Kodak; 100 g.) was dried over barium oxide 
and fractionated through a 20” column filled with 1/16’ Dixon gauze rings and operated at a 
reflux ratio of 35:1; 80% distilled at 160-0—160-9°/760 mm. (sample 1). The redistilled base 
(68 g.) was treated, with stirring, with urea (27 g.) in water (50 ml.), then cooled to 5°, and the 
paste was filtered at the pump and washed with water (50 ml.). The solid was dissolved in 
water (200 ml.) and steam-distilled until the distillate yielded no turbidity when treated with a 
little solid sodium hydroxide. The base was isolated from the steam-distillate by the addition 
of excess of solid sodium hydroxide, the upper layer being removed and the aqueous layer 
extracted with ether (50 ml.). The combined upper layers were dried (K,CO,) and distilled 
through a short column: they had b. p. 160-5—161°/760 mm. (sample 2). Repetition of the 
urea treatment improved the purity slightly (sample 3). Final purification was by slow 
fractional freezing; each freezing occupied about 3 hr. During the first freezing about 77% 
was frozen and the liquid poured off; the crystals were melted and the process repeated until 
about 90% was frozen. The initial and final f. p.s were —14-8°; this product boiled at 
161-0°/765 mm. (sample 4). The physical properties of the various samples were as tabulated. 


Sample 2? np? Amaz. 10°E Sample d~ np p Naty 10°E 
l 09453 1-50785 266-5—270-0 7-34 3 09461 1-50862 267-0 7-57 
2 0-9455 1-50831 266-7—267-0 7-46 4 0-9464 1-50857 267-0 7-55 


The ultraviolet spectra were measured in 0-1N-sulphuric acid with a Unicam S.P. 500 spectro- 
photometer. About 0-1 g., accurately weighed, was dissolved in 100 ml. of 0-1N-sulphuric 
acid, and 1 ml. of this solution was diluted to 100 ml.; it had an optical density of about 0-600 
(25% transmission) at the peak. Andon e¢ al.'® give for 2,3-lutidine: Amgx, 267, E 7250. 

2,6-Lutidine—A commercial sample (Yorkshire Tar Distillers) of 95% purity was dried and 
distilled: the main fraction boiled at 144-0—144-3°/758 mm. and had dj 0-9540, m,,*° 1-50567. 
The redistilled base (480 ml.) was slowly added, with stirring, to a cold solution of urea (340 g.) 
in water (500 ml.). After being kept overnight, the solid was filtered off and washed with cold 
water. The urea complex was suspended in about an equal weight of water, and steam was 
passed through the suspension; the solid dissolved and subsequently two layers were formed. 
Most of the organic layer passed over into the steam-distillate (about 2 1.). The regenerated 
2,6-lutidine was isolated by addition of an excess of solid sodium hydroxide, and the upper layer 
removed, dried (KOH, followed by BaO), and distilled: 456 ml. of the base were recovered. 
The purification through the urea complex was repeated twice, about 94% being recovered on 
each occasion. The final product had b. p. 144-0°/758 mm., dj 0-9224, »,* 1-49765. The 

18 Andon, Cox, and Herington, Trans. Faraday Soc., 1954, §0, 925. 
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purified 2,6-lutidine (110 ml.) was fractionally frozen: in the first and second experiments 80% 
was frozen and the initial f. p.s were —5-7° and —5-8° respectively. When dried and distilled, 
the product had d?° 0-9225, n,, 1-49779 (lit.,* d° 0-92257, m,,*° 1-49767). 

2,4-Lutidine. A commercial product (Eastman Kodak; 250 g.) of 85% purity was 
fractionated as described for 2,3-lutidine. About 72% distilled at 156-4—157-4°/760 mm. 
(sample 1). The redistilled base (200 g.), benzene (500 ml.), and concentrated hydrochloric acid 
(150 ml.) were heated (Dean and Stark separator) on a water-bath until water no longer collected 
in the separator and the temperature reached 80° (thermometer-bulb just above the liquid). 
When cold, the supernatant benzene was decanted and the 2,4-lutidine hydrochloride was 
washed with a little benzene. The hydrochloride was dissolved in water (350 ml.) and any 
benzene present was removed in steam; a solution of sodium hydroxide (80 g.) was added, and 
the liberated base distilled in steam and isolated as usual. Distillation through a short column 
gave 2,4-lutidine (165 g.), b. p. 156-8—157-0°/762 mm. (sample 2). The regenerated base, 
reprecipitated as the hydrochloride in benzene and isolated as before, had b. p. 158-4— 
158-5°/757 mm. (sample 3). Fractional freezing of the resulting 2,4-lutidine led to small 
crystals which rendered decantation impossible: the residual liquid was separated by suction 
through a filter-stick. The base was placed in the special f. p. apparatus and immersed in 
acetone—carbon dioxide; the temperature of freezing remained constant at — 67-8° for 2 hr. and 
fell to —68-5° during a further hour; the liquid (about 40%) was removed, and the crystals 
were melted and distilled through a 4” column filled with Fenske helices, then having 
b. p. 158°/771 mm. (sample 4). The physical properties of the various samples are tabulated 
below (Andon é¢ al.!8 give Amax, 259, E 5990). 


Sample d?’ np”? } ee 103E Sample d?° np? | 10°E 
1 0-9309 1-50105 260—260-5 5-70 3 0-9305 1-50092 259 6-09 
2 0-9305 1-50095 259 6-06 4 0-9305 1-50087 259 6-07 


2,5-Lutidine. A commercial 2,4/2,5-lutidine fraction (Midland Tar Distillers) was fraction- 
ated through a 20” column packed with Fenske helices and at a reflux ratio of 10: 1, the fraction 
of b. p. 155—165°/760 mm. (60% of the whole) being.separated for the isolation of the 2,5- 
lutidine. The redistilled base (300 g.) was treated with phenol (450 g.) and distilled through 
a 20” column packed with 1/16” Dixon gauze rings at 212 mm. (pressure controlled by 
a Cartesian manostat) at a reflux ratio of 4:1. The fraction (137 ml.) of b. p. 152-6—153-6° 
deposited a solid phenol complex at —25°; recrystallisation from light petroleum (b. p. 40— 
60°) gave 25 g. of a solid, m. p. 47—48°. The phenol complex (75 g.) was recrystallised from 
light petroleum (150 ml.) and yielded the pure 2,5-lutidine-phenol complex (55 g.), m. p. 57°5°. 
This was suspended in water (100 ml.), sodium hydroxide (40 g.) in water (100 ml.) was added, 
and the mixture was steam-distilled. The distillate was treated with sodium hydroxide (25 g.), 
the upper layer separated, and the aqueous layer extracted with ether (2 x 25 ml.). The 
combined upper layers were dried (K,CO,) and distilled: 28 g. of 2,5-lutidine, b. p. 156-5— 
157-0°/758 mm., d7° 0-9297, n,,*° 150060, Amax. 270-0 (E 6640) were obtained. Finally the 2,5- 
lutidine was subjected to two fractional freezings (75% solid, f. p. —16-0°; 50% solid, f. p. 
—16-0°). The melted solid was distilled through a short column and had b. p. 157-8°/768 mm., 
a? 0-9298, n,,2° 1-50050, Amax. 270-0 (E 6640) (Andon et al."® give Amax, 270, E 6710). No 2,4-or 
3,5-lutidine was revealed by the infrared spectrum. 

3,5-Lutidine. A synthetic product, b. p. 170—175°/763 mm., was kindly supplied by 
Messrs. Robinson Bros. The base (100 ml.) was dissolved in dilute hydrochloric acid (1 : 4) and 
steam was passed through the solution until 1 1. of distillate was collected. The residue was 
rendered alkaline with excess of concentrated sodium hydroxide solution and steam-distilled: 
the base was extracted with ether, dried (K,CO,), and distilled through a short column: it had 
b. p. 171-5—172-5°/763 mm., dj° 0-9418, ,*° 1-50605. Fractional distillation through a 20” 
column charged with 1/16” Dixon gauze rings with a reflux ratio of 40: 1 gave a middle fraction 
of b. p. 172-3—172-4°/773 mm. (61 ml.) with d?° 0-9419, n,,?° 1-50606. Three fractional freezings 
(75% frozen) gave a product of f. p. —6-3°, b. p. 172-0°/767 mm., dj? 0-9419, 7, 1-50613, Amex. 
268-0 (E 6100) (Andon et al.8 give Amy, 268, E 5820). The physical properties were unchanged 
when this product (25 g.) was refluxed with a mixture of acetic anhydride (7 g.) and phthalic 
anhydride (7 g.) for 6 hr. and the base recovered as described for 8-picoline. 

Preparation of Alkylpyridines with Finely Divided Sodamide in Xylene.—General procedure. 
Commercial sodamide (May and Baker) was ground under anhydrous xylene to a finely divided 
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“ colloidal ’’) state, in a 500 ml. reagent bottle charged with porcelain spheres (3/8’’ diameter) 
and carrying a soda-lime guard tube. Sodamide (50 g.) and sodium-dried xylene (100 ml.) 
gave, in 2—3 hr., a suspension that did not settle for 30 min. Into the whole, pure a-picoline 
(usually 38-2 g.) was introduced. The mixture was stirred and pure, freshly distilled alkyl 
chloride (10% excess for monoalkylation) added during 15 min. After 2—3 hours’ refluxing 
the mixture was cooled in ice, and the excess of sodamide was decomposed by water (100 ml.), 
two layers being formed. The upper layer was removed and the aqueous layer extracted with 
benzene (2 x 50 ml.); the combined organic layers were extracted with 2-5n-hydrochloric acid 
(2 x 50 ml.), and steam passed through the acid extracts until 1 1. of distillate was collected 
(discarded); sodium hydroxide (60 g.) was added to the residual liquid and the liberated base 
jsolated in steam. Sodium hydroxide (20 g.) was added to the distillate, the upper layer 
removed, and the aqueous layer extracted with ether (3 x 50 ml.). The combined upper layer 
and ether extracts were dried (K,CO,) and distilled in a modified Claisen flask with a 4” side 
arm charged with glass helices; the low-boiling fraction consists of 10—20% of the «-picoline, 
after which the n-alkylpyridine distils. There was no high-boiling residue. 

2-Propylpyridine. Ethyl chloride (50 ml.) was added during 15 min. to a stirred mixture of 
colloidal sodamide (50 g.) in xylene (150 ml.) and «-picoline (53 ml.) under a condenser contain- 
ing solid carbon dioxide. The mixture was stirred at room temperature for 15 min., then heated 
ona water-bath at 40°; a vigorous reaction ensued and the flask was cooled occasionally. After 
l hr., the flask was heated in an electric heating-mantle to maintain the temperature of the 
mixture at 75° for Lhr. The yield of 2-propylpyridine, b. p. 170—170-5°/761 mm., was 45 g. 

2-Butylpyridine. Colloidal sodamide (50 g.) in xylene (150 ml.), «-picoline (40 ml.), and 
propyl chloride (36 ml.), refluxed for 3 hr., gave 2-butylpyridine, b. p. 77-5°/15 mm. (38g.).~ 

2-Pentylpyridine. Colloidal sodamide (40 g.) in xylene (150 ml.), «-picoline (40 ml.), and 
butyl chloride (42-5 ml.), refluxed for 2 hr., gave 2-pentylpyridine, b. p. 104-5°/17 mm. (41 g.). 

2-Hexylpyridine. Sodamide (40 g.) in xylene (150 ml.), a-picoline (40 ml.), and pentyl 
chloride (54 ml.), in 3 hr., gave 2-hexylpyridine, b. p. 111—111-5°/15 mm. (49 g.) (Found: C, 
81-1; H, 10-2; N, 8-2. C,,H,,N requires C, 81-0; H, 10-4; N, 8-6%). 

2-Heptylpyridine. Sodamide (40 g.), xylene (150 ml.), «-picoline (40 ml.), and hexyl chloride 
(61 ml.), in 3 hr., gave 2-heptylpyridine, b. p. 122-5°/13 mm. (55 g.) (Found: C, 81-5; H, 10-6; 
N, 8-0. C,,H,,N requires C, 81-3; H, 10-7; N, 8-0%). 

Preparation of Alkylpyridines with Sodamide in Liquid Ammonia.—General procedure. A 
1-5-1. three-necked flask, surrounded by a 5-l. beaker and equipped with a glycerol-sealed 
stirrer, a dropping funnel, and a wide-bore air-condenser, was charged with ca. 750 ml. of liquid 
ammonia and 1—2 g. of finely powdered ferric nitrate. Sodium (10% excess), in small pieces, 
was added to the stirred solution (about 10 g. in 20—30 min.) and stirring was continued until 
the blue colour disappeared (lamp behind flask; formation of frost on flask prevented by 
occasional spraying with alcohol). Sufficient liquid ammonia was then added (if necessary) to 
restore the volume to 600—700 ml. The weighed quantity of picoline was introduced through 
the condenser, the mixture stirred, and, after 5 min., the alkyl halide was added as rapidly as 
the vigour of the reaction permitted. The colour of the solution was discharged immediately 
after the addition of all the halide. The ammonia was allowed to evaporate overnight, water 
added (to decompose sodamide), and the base isolated as detailed for 2-alkylpyridines. 

3-Propylpyridine. Sodamide (from 10-1 g. of sodium) in liquid ammonia (700 ml.), 8-picoline 
(37-2 g.), and ethyl chloride (50 ml.) gave 3-propylpyridine (28-5 g.) which after two fraction- 
ations through a 4” column of 1/16’ Dixon gauze rings, boiled at 66—66-5°/8 mm. (Found: 
C, 79-6; H, 9-1; N, 11-2. C,H,,N requires C, 79-3; H, 9-1; N, 11-6%). 

3-Butylpyridine. Sodamide (12-6 g. of sodium) in liquid ammonia (700 ml.), 8-picoline 
(46-6 g.), and propyl chloride (43-2 g.) yielded 3-butylpyridine (36 g.), b. p. 82°/7 mm. (Found: 
C, 80-2; H, 9-6; N, 10-2. C,H,,N requires C, 80-0; H, 9-6; N, 10-4%). 

3-Pentylpyridine. Sodamide (13-8 g. of sodium) in liquid ammonia (750 ml.), 8-picoline 
(46-6 g.), and butyl chloride (75-3 g.) yielded 3-pentylpyridine (41 g.), b. p. 100°/9 mm. (Found: 
C, 80-6; H, 10-2; N, 9-2. C,)H,;N requires C, 80-5; H, 10-1; N, 9-4%). 

Similarly were prepared 3-hexyb, b. p. 113°/7 mm. (Found: C, 80-8; H, 10-5; N, 83. 
C,,H,,N requires C, 81-0; H, 10-4; N, 86%), 3-heptyl-, b. p. 139-5—140°/7 mm. (Found: C, 
81:5; H, 10-8; N, 7-8. C,H, ,N requires C, 81-3; H, 10-7; N, 80%), 4-ethyl-, b. p. 165-5— 
166-5°/753 mm. (insufficiently pure for measurement of the physical properties), and 4-propyl- 
pyridine, b. p. 70°/10 mm. 
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4-Isopropylpyridine. The crude product from sodamide (28-8 g. of sodium) in liquid 
ammonia (1200 ml.), y-picoline (50 ml.), and methyl iodide (187 g.), upon distillation through 
a 20” column packed with 1/16” Dixon gauze rings at a reflux ratio of 35: 1, gave three main 
fractions: (i) b. p. 166—182°/764 mm. (21 g.; largely 4-ethylpyridine); (ii) b. p. 182~ 
186°/764 mm. (22 g.; 4-isopropylpyridine); and (iii) b. p. 186—196°/764 mm. (15 g.; largely 
4-t-butylpyridine). Refractionation of fraction (ii) gave pure 4-isopropylpyridine, b. p, 
182-5°/763 mm. 

4-s-Butylpyridine. Methyl bromide was added to a mixture prepared from sodamide 
(6-7 g. of sodium) in liquid ammonia (1 1.) and 4-propylpyridine (29 g.) until the green-colour of 
the solution was discharged. Fractionation of the product through a 6” column packed with 
1/16” Dixon gauze rings yielded pure 4-s-butylpyridine (18 g.), b. p. 197°/765 mm. 

4-t-Butylpyridine. Methyl bromide was added to a stirred mixture prepared from sodamide 
(15-3 g. of sodium) in liquid ammonia (1 1.) and 4-ethylpyridine (40-8 g.) until the green colour 
was discharged. Isolation, as for 4-isopropylpyridine, gave a fraction, b. p. 180—196°/765 mm. 
(20 ml.), and another of b. p. 197°/765 mm. (26 g.). Refractionation of the latter gave pure 
4-t-butylpyridine, b. p. 197°/765 mm. 

4-1’-Ethylpropylpyridine. Ethyl chloride was added to a mixture prepared from sodamide 
(22-1 g. of sodium) in liquid ammonia (700 ml.) and y-picoline (40 ml.) until the green colour 
was discharged. Fractionation yielded 38 g. of pure 4-1l’-ethylpropylpyridine, b. p, 
112-5°/20 mm. 

Preparation of Alkylpyridines with Sodamide in the Absence of a Solvent.—General procedure, 
Commercial sodamide (40 g.) (May and Baker) and pure y-picoline (39-2 ml.) were stirred at 0° 
for 10—20 min. The alkyl chloride (usually 0-40 mol.) was added, with stirring, during 2— 
3 hr. at 0°, and stirring continued for 2 hr. longer. The excess of sodamide was decomposed at 
0° by water (100 ml.). The upper layer was dissolved in 2-5N-hydrochloric acid (200 ml.); the 
aqueous layer was extracted with benzene (2 <x 50 ml.), and the combined benzene extracts 
were treated with 2-5n-hydrochloric acid (2 x 50 ml.), Steam was passed through the com- 
bined acid extracts until 1 |. of distillate was collected’ (discarded). Sodium hydroxide (60 g.) 
was added to the residue, and the base isolated by steam-distillation, the distillate being treated 
with sodium hydroxide (20 g.), the organic layer removed, and the aqueous layer extracted with 
ether (3 x 50 ml.). The combined basic extracts were dried (K,CO,) and distilled from a 
modified Claisen flask with a side arm incorporating a 4” column packed with glass helices. 
Three fractions were collected: (i) unchanged y-picoline (10—20%), (ii) monosubstituted 
y-picoline C,H,N-CH,R, and (iii) disubstituted y-picoline C;H,N-CHR,. 

4-Butylpyridine. The product from sodamide (40 g.), pure y-picoline (39-2 ml.) and propyl 
chloride (40 ml.), on fractionation, gave fractions: (i) b. p. up to 84°/8 mm. (3 ml.); (ii) b. p. 
84—87°/8 mm. (19 g.); and (iii) 115—117-5°/8 mm. (14 g.). Redistillation of fraction (ii) 
yielded pure 4-butylpyridine, b. p. 84°/8 mm. Redistillation of fraction (iii) afforded 4- 
l’-propylbutylpyridine, b. p. 110—110-5°/8 mm. (Found: C, 81-4; H, 10-5; N, 7:6. C,H N 
requires C, 81-3; H, 10-7; N, 8-0%). 

4-Pentylpyridine. Fractionation of the product from sodamide (40 g.), y-picoline (39-2 ml.), 
and butyl chloride (42 ml.) gave fractions: (i) b. p. 21—60°/20 mm. (4 ml.); (ii) b. p. 117— 
120°/23 mm. (21 g.); and (iii) b. p. 150—163°/23 mm. (mainly 157°/23 mm.) (16 g.); and 
thence, by redistillation, 4-pentylpyridine, b. p. 95°/6 mm. (Found: C, 80-7; H, 10-2; N, 88. 
Calc. for CjgH,,;N: C, 80-5; H, 10-1; N, 94%), and 4-1’-butylpentylpyridine, b. p. 157°/23 mm. 
(Found: C, 81-6; H, 11-5; N, 6-4. C,,H,,N requires C, 81-9; H, 11-3; N, 6-8%). 

Similarly were prepared 4-hexyl-, b. p. 110—110-5°/5 mm., 4-1’-pentylhexyl-, b. p. 140— 
170°/7 mm., 4-heptyl-, b. p. 119°/4 mm., and 4-1’-hexylheptyl-pyridine, b. p. 165—166°/5 mm. 
(Found: C, 83-0; H, 11-7; N, 5:3. C,,H,,N requires C, 82-8; H, 11-9; N, 54%). 

Syntheses by Modified Wibaut—Arens Method.—4-Ethylpyridine. Activated ‘‘ AnalaR ”’ zinc 
powder ™ (60 g.) was added in portions (10 g.) during 40—50 min. to a stirred mixture of 
pure pyridine (61-2 ml.) and acetic anhydride (300 ml.); stirring was continued for 2 hr. at 30— 
40°. Acetic acid (60 ml.) was added, followed by zinc powder (25 g.) in 4 portions during 
15 min., and finally zinc powder (26 g.) all at once. The heat evolved caused the mixture 
to reflux: refluxing was continued for 30 min. The mixture was then made alkaline with 
concentrated sodium hydroxide solution and steam-distilled until the distillate was neutral to 
litmus (ca. 1-21.). Sodium hydroxide (200 g.) was added to the distillate, and the base extracted 

” Frank and Smith, Org. Svnth., 1947, 27, 39. 
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with ether, dried (K,CO,), and distilled through a 8’ Dufton column: crude 4-ethylpyridine 
(30 g.), b. p. 155—161°/741 mm., was obtained. Two redistillations through a 4” Fenske-type 
column packed with glass helices gave a fairly pure product, b. p. 166—166-5°/759 mm., d?° 
0-9413, ,,*° 150225; this sample acquired a pale yellow colour in 2 weeks. 

4-Propylpyridine. The procedure was similar to that described for 4-ethylpyridine, with 
propionic anhydride (250 ml.), pyridine (62-5 ml.), activated zinc powder (62-5 g.) added during 
2-5 hr. at 40°, then propionic acid (88 ml.) with zinc powder (25 g.) in 5 portions during 30 min. 
and 25 g. in one lot, and final refluxing for 30 min. Crude 4-propylpyridine, b. p. 185— 
186°/759 mm. (31 g.) was dissolved in 5N-hydrochloric acid (250 ml.) and steam-distilled 
until the distillate (500 ml.) was odourless; the base, isolated by addition of excess of sodium 
hydroxide solution and steam-distillation, had b. p. 186—186-5°/759 mm., 69-5°/10 mm. 

4-Butylpyridine, obtained similarly and redistilled, boiled at 84—84-5°/17 mm. 

4-Ethyl-3-methylpyridine. The quantities employed were: redistilled acetic anhydride 
(430 ml.); pure 8-picoline (150 ml.); activated zinc powder (170 g.) added during 6 hr. at 30°; 
glacial acetic acid (100 ml.); zinc powder (40 g.) added during 2 hr., 45 g. in one lot; final 
refluxing 30 min. Crude 4-ethyl-3-methylpyridine, b. p. 198—199°/760 mm. (76 g.), on purific- 
ation and redistillation, gave the pure base, b. p. 201°/771 mm. 

Preparation of Pyridine Ketones.—The three methyl pyridine ketones were prepared by the 
condensation of the pure ethyl pyridinemonocarboxylate with ethyl acetate, followed by acid 
hydrolysis of the resulting keto-esters (which were not isolated). The condensation reagents 
were: for 4-acetylpyridine, sodium ethoxide suspended in dry xylene (71% yield); for 3-acetyl- 
pyridine, sodium ethoxide in dry xylene (55% yield), or sodium hydride (73% yield); for 
2-acetylpyridine, triphenylmethylsodium (49% yield) or sodium hydride (77% yield). Sodium 
ethoxide alone and in the absence of a solvent had previously been employed in the initial 
condensation of the alkyl pyridinecarboxylate and ethyl acetate; 21223 the conditions 
given below are more satisfactory. 

4-Acetylpyridine. In a 500 mb. three-necked flask fitted with a dropping funnel, mercury- 
sealed stirrer and reflux condenser, were placed “‘ molecular ’’ sodium (16-6 g.) and dry xylene 
(200 ml.); absolute ethanol (41-0 ml.) was added with stirring, at such a rate that the reaction 
was not too vigorous, after which stirring was continued for 1 hr. A mixture of dry, redistilled 
ethyl acetate (95 ml.) and ethyl isonicotinate (71 g.) was added to the suspension of sodium 
ethoxide during 3 hr., and the mixture refluxed for 8 hr.; a yellow precipitate of the sodio-f- 
keto-ester was formed. Most of the xylene was removed by distillation (water-pump) and the 
yellow residue was dissolved in warm water (500 ml.). The xylene layer was separated and the 
aqueous layer extracted with ether (2 x 40 ml.). The remaining aqueous layer was treated 
with concentrated hydrochloric acid (180 ml.: final concentration 10% w/v), and the mixture 
refluxed for 3 hr.; the cold solution was made alkaline with sodium carbonate and extracted 
with ether (8 x 50 ml.), and the extracts were dried (K,CO,) and distilled through a 4” Fenske- 
type column filled with glass helices. The yield of 4-acetylpyridine, b. p. 101°/12 mm., was 
40-1 g. (cf. Kolloff and Hunter #4 who give b. p. 211—212°; Burrus and Powell ® give b. p. 
77°/5 mm.). 

3-Acetylpyridine. (a) Condensation of sodium ethoxide [from sodium (7-3 g.) and absolute 
ethanol (34-5 g.)] in dry xylene (200 ml.), ethyl nicotinate (60-5 g.), and ethyl acetate (78-5 g.), 
and subsequent treatment with concentrated hydrochloric acid (180 ml.) as for 4-acetylpyridine, 
yielded 3-acetylpyridine, b. p. 102-5—103-5°/8 mm. (26-4 g.). 

(6) Sodium hydride (7-7 g., weighed in dry nitrogen in a ‘“‘ dry ” box) was covered with dry 
xylene (200 ml.) under nitrogen. A mixture of ethyl nicotinate (35 g.) and dry ethyl acetate 
(28-2 g.) was added, with stirring, during 1 hr. in a slow stream of nitrogen; stirring 
was continued for 1 hr. and the mixture refluxed for 5 hr., then cooled. Water (500 ml.) was 
added with stirring to the thick yellow sludge, and stirring was continued until all the solid had 
dissolved. The aqueous layer was separated and the xylene layer shaken with water 
(2 x 50 ml.); the combined aqueous layers were extracted with ether (2 x 40 ml.), and then 
sufficient concentrated hydrochloric acid (215 ml.) was added to the residual aqueous solution 
to give a concentration of 10% w/v. The mixture was refluxed for 3 hr. The ketone was 


#0 Strong and McElvain, J. Amer. Chem. Soc., 1933, 55, 818. 
*t Kolloff and Hunter, J]. Amer. Chem. Soc., 1941, 68, 492. 

*2 Burrus and Powell, J. Amer. Chem. Soc., 1945, 67, 1468. 
** Brown and Murphy, J. Amer. Chem. Soc., 1951, 78, 3312. 
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isolated as for 4-acetylpyridine; it boiled at 112—114°/16 mm. (20-3 g.). The products from 
the two preparations were combined and distilled through a 4” Fenske-type column: pure 
3-acetylpyridine, b. p. 113°/16 mm., was obtained [cf. lit., b. p. 217—-218° (ref. 21), 90—92°/5 mm, 
(ref. 20), 80°/5 mm. (ref. 22), b. p. 66°/1 mm. (ref. 23)]. 

2-Acetylpyridine. (a) To sodium hydride (12-0 g.) suspended in dry xylene (200 ml.) 
was added a mixture of ethyl picolinate (60-4 g.) and dry ethyl acetate (36-5 g.) during 
1 hr.; the mixture was stirred for 1-5 hr. and refluxed for 2 hr. The paste that resulted on 
cooling was treated with ethanol (25 ml.), followed by water (200 ml.) to dissolve the 
solid. Sufficient concentrated hydrochloric acid was added to give a final concentration of 
10% w/v. Isolation as for 3-acetylpyridine gave 2-acetylpyridine, b. p. 92°/17 mm. (37-2 g,). 

(6) Triphenylmethylsodium (0-086 mol.) in ether (700 ml.) * was treated with ethyl 
picolinate (11-9 g.) and dry ethyl acetate (8-8 g.) rapidly in a stream of nitrogen. Stirring 
was continued for 1 hr. then water (50 ml.) was added. The lower layer was separated, the 
ether layer was extracted with water (2 x 30 ml.), and the combined aqueous layers were 
treated with concentrated hydrochloric acid to give a final concentration of 10% w/v, and 
refluxed for 3 hr. The yield of 2-acetylpyridine, b. p. 92—93°/17 mm., isolated as above, was 
4-5 g. (lit., b. p. 187—190°/1 atm.,”" b. p. 53°/5 mm.®?). 

Reduction of Methyl Pyridyl Ketones.—4-Ethylpyridine. 4-Acetylpyridine (22-9 g.), 99— 
100% hydrazine hydrate (15 ml.), and solid potassium hydroxide (23 g.) in trimethylene glycol 
(30 ml.) (dried over MgSO,) were heated under reflux at 100°, a vigorous reaction ensuing.® 
The bath-temperature was raised during 3 hr. to 160° and kept at 160° for 3 hr. The mixture 
was distilled until no more base passed over, water (25 ml.) was added to the residue in the flask, 
and distillation was continued. Solid sodium hydroxide was added to the distillate, the upper 
layer separated, the aqueous layer extracted with ether, and the combined extracts and upper 
layer were dried (K,CO,) and fractionated twice through a 4” Fenske-type column filled with 
glass helices: pure 4-ethylpyridine, b. p. 166-5°/754 mm. (16 g.), was obtained. 

Similarly were prepared 3-, b. p. 166°/758 mm. (15-8 gafrom 22-8 g. of ketone), and 2-ethyl- 
pyridine, b. p. 150°/760 mm. (11-3 g. from 18-3 g. of ketone). 

Esters of Pyridinemonocarboxylic Acids.—No detailed study of the physical properties of the 
pure esters has been made.** To ensure purity, the acids were prepared by oxidation of the 
pure picolines with potassium permanganate; * they were esterified (i) with hydrogen chloride 
as catalyst, (ii) with sulphuric acid as catalyst, or (iii) by reaction of the acid chloride hydro- 
chloride with the appropriate alcohol. Method (i) was used for the lower alkyl esters whilst 
(ii) and (iii) were preferred for the higher alkyl esters. 

Pyrvidinealdehydes.—The ‘‘ pure’’ commercial aldehydes (Raschig, Ludwigshafen) were 
purified as follows. The aldehyde (50 g.) was added to boiled-out water (250 ml.) at 0° under 
nitrogen. Sulphur dioxide was passed into the solution until precipitation was complete. The 
addition compound was filtered off rapidly, washed with a little water, and refluxed in 17% 
hydrochloric acid (200 ml.) under nitrogen until the solid disssolved; the solution was neutral- 
ised with sodium hydrogen carbonate and extracted with ether (5 x 30 ml.), and the extracts 
were dried in a nitrogen atmosphere and distilled twice in nitrogen. The b. p.s were: pyridine- 
2-, 81-5°/25 mm., -3-, 89-5°/14 mm., and -4-aldehyde, 79-5°/12 mm. The purified aldehydes were 
stored under nitrogen; a fresh sample was used for each physical measurement. Surface 
tensions were also measured in nitrogen. 

Hydroxymethylpyridines.—The pure commercial alcohols (Raschig) were fractionated twice. 
2-Pyridylmethanol had b. p. 102-5°/8 mm.; the 3-isomer had b. p. 120°/12 mm.; the 4-isomer 
had m. p. 67-5° and was not investigated. 

Dialkyl Oxalates.—These were prepared, as described in Part XIII,*” by A. Watling, B.Sc. 
The surface tension measurements recorded in Part XIII were made by the method of capillary 
rise 





Aliphatic Aldehydes.—Butyraldehyde. Commercial butyraldehyde was purified through the 
bisulphite compound. This was decomposed by steam-distillation with excess of sodium 


*4 Vogel, ‘“‘ A Text Book of Practical Organic Chemistry,” Longmans, Green & Co., London, 1957, 
p. 479. 

25 Cf. Fand and Lutomski, J. Amer. Chem. Soc., 1949, 71, 2931. 

26 Cf. alkyl nicotinates: Badgett, Provost, Ogg, and Woodward, J]. Amer. Chem. Soc., 1945, 67, 1135; 
Huber, Boehme, and Laskowski, ibid., 1946, 68, 187. 

27 Vogel, J., 1948, 631. 
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Ref. 
no. 


670 


671 
672 
673 
674 
675 


3 
) 


Se2SSB SSSLSSSSSBSSB2822333 3 


Compound B. p.°/mm. 


Pyridine ¢ 


2-Methyl ¢ 
2-Ethyl 
2-Propyl 
2-Butyl 
2-Pentyl 
2-Hexyl 
2-Heptyl 


3-Methyl 
3-Ethyl 
3-Propyl 
3-Butyl 
3-Pentyl 
3-Hexyl 
3-Heptyl 
4-Methyl ¢ 
4-Ethyl® 
4-Propyl ¢ 
4-Isopropyl 
4-Butyl ¢ 
4-s-Butyl 
4-t-Butyl 
4-Pentyl 
4-CHEt, 
4-Hexyl 


Methyl 
Ethyl # 
n-Propyl * 
Isopropyl 
Butyl 

Bu’ 

But 
Pentyl 
Hexyl * 
Heptyl* 


Methyl 
Ethyl 
Propyl 
Butyl 
Pentyl 
Hexyl 
Heptyl 


Chemical Constitution. 


115° 


129-5 

150 

170 
77-5/15 

1045/17 

111/15 

122-5/13 


144 
166 
66/8 
82/7 
100/9 
113/7 
1395/7 
145 
166-5 
69-5/10 
182-5 
84-0/8 
197 
197 
95/6 
112-5/20 
110/5 
119/4 
110/8 
165/5 


161 
158 
157 
144-5 
172 
201 


95/1 
108/6 
117/5 
118/2 
136/4 
144/3 
146/2 


85-7/5 
84/5 
113/6 
92-5/5 
120/2 
104-5/2 
99/2 
133/2 
147/2 
147/1 


84/3 
84/6 
95/3 
119/2 
139/4 
142/1 
147/1 


d?° 
0-9831 


0-9443 
0-9319 
0-9158 
0-9071 
0-9009 
0-8952 
0-8906 


0-9565 
0-9404 
0-9254 
0-9150 
0-9077 
0-9012 
0-8954 
0-9548 
0-9410 
0-9255 
0-9258 
0-9155 
0-9197 
0-9219 
0-9089 
0-9122 
0-9014 
0-8965 
0-8994 
0-8809 


0-9464 
0-9305 
0-9298 
0-9226 
0-9419 
0-9477 


1-1711 
1-1193 
1-0841 
1-0611 
1-0417 
1-0250 
1-0110 


1-1084 
1-0748 
1-0624 
1-0519 
1-0433 
1-0393 


-1-0357 


1-0163 
1-0050 


1-1610 
1-1049 
1-0721 
1-0488 
1-0306 
1-0140 
1-0015 


TABLE 5. 


di? 


0-9637 


60 
dy 


0-9438 


Part XXVIII. 


85 
qd; 


0-9194 


Alkylpyridines 


0-9268 
0-9151 
0-8994 
0-8909 
0-8861 
0-8805 
0-8766 


0-9389 
0-9242 
0-9089 
0-9002 
0-8935 
0-8879 
0-8822 
0-9372 
0-9243 
0-9095 
0-9095 
0-9008 
0-9048 
0-9066 
0-8938 
0-8980 
0-8868 
0-8818 
0-8860 
0-8679 


0-9316 
0-9142 
0-9138 
0-9055 
0-9277 
0-9327 


0-9077 
0-8995 
0-8830 
0-8747 
0-8705 
0-8656 
0-8616 


0-9195 
0-9088 
0-8950 
0-8860 
0-8785 
0-8741 
0-8670 
0-9186 
0-9070 
0-8934 
0-8936 
0-8851 
0-8890 
0-8912 
0-8784 
0-8837 
0-8720 
0-8679 
0-8721 
0-8548 


0-9146 
0-8963 
0-8978 
0-8871 
0-9095 
0-9168 


0-8852 
0-8732 
0-8625 
0-8544 
0-8502 
0-8463 
0-8431 


0-8995 
0-8877 
0-8738 
0-8669 
0-8602 
0-8555 
0-8498 
0-8963 
0-8864 
0-8733 
0-8736 
0-8652 
0-8700 
0-8724 
0-8590 
0-8652 
0-8529 
0-8497 
0-8552 
0-8378 


0-8924 
0-8740 
0-8778 
0-8646 
0-8900 
0-8980 


Alkyl picolinates 
11531 1-1354 1-1121 


1-1014 
1-0681 
1-0451 
1-0257 
1-0094 
0-9853 


1-0837 
1-0507 
1-0289 
1-0089 
0-9932 
0-9794 


1-0609 
1-0284 
1-0089 
0-9894 
0-9731 
0-9599 


Alkyl nicotinates 


1-1467 
1-0901 
1-0573 
1-0447 
1-0351 
1-0271 
1-0232 
1-0188 
1-0006 
0-9890 


Alkyl 


1-1416 
1-0858 
1-0536 
1-0326 
1-0128 
0-9978 
0-9878 


1-1273 
1-0716 
1-0394 
1-0267 
10181 
1-0103 
1-0061 
1-0024 
0-9845 
0-9730 


1-1034 
1-0492 
1-0179 
1-0036 
0-9960 
0-9909 
0-9844 
0-9815 
0-9647 
0-9531 


isonicotinates 


1-1222 
1-0681 
1-0350 
1-0147 
0-9961 
0-9818 
0-9718 


1-0977 
1-0436 
1-0124 
0-9931 
0-9755 
0-9617 
0-9506 


Y20 
36-94 


33-66 
32-08 
31-48 
31-03 
30-97 
30-65 
30-85 


35-06 
33-77 
32-52 
31-97 
31-60 
31-13 
31-26 
35-45 
33-72 
32-13 
33-75 
32-38 
34-72 
33-59 
32-43 
33-22 
31-67 
32-20 
31-47 
31:27 


33°27 
33°18 
32-34 
31-65 
33-83 
36-05 


43-47 
39-73 
37-04 
35-87 
34-63 
34:13 
33°38 


37-82 
36°13 
33-87 
35°23 
34-83 
33-53 
34-26 
33-72 
33-28 


40-82 
37-16 
35-23 
34-78 
33-93 
33-48 
33-76 


Yao 
34-20 


31-09 
29-66 
29-07 
29-02 
29-02 
28-86 
29-13 


32-71 
31-58 
30-43 
29-88 
29-79 
29°45 
29-56 
33°12 
31-53 
30-03 
31-50 
30-47 
32°75 
31-67 
30-43 
31-09 
30-07 
30-45 
29-67 
29-54 


31-08 
30-75 
30-02 
29-18 
31-64 
33-70 


41-32 
37-56 
34-98 
33-94 
32-89 
32-31 
31-62 


39-03 
35-54 
34°14 
31-57 
33-33 
31-49 
32-78 
32-57 
31-94 
31-59 


38-50 
35-02 
33-22 
32-87 
32-23 
31-72 
32-02 


Yeo 
33-40 


28-63 
27-37 
27-01 
27:03 
27-07 
27-06 
27-43 


30-44 
29°37 
28-41 
28-04 
27-98 
27-77 
27:87 
30-85 
29-32 
27-94 
29-41 
28-54 
30-80 
29-77 
28-47 
28-95 
28-48 
28-75 
27-90 
27-82 


28-96 
28-34 
27-77 
26-97 
29-48 
31-36 


39-16 
35-42 
33-07 
32-03 
31-17 
30-53 
29-94 


36-66 
33-30 
32-18 
29-35 
31-46 
29-42 
30°76 
30-89 
30-19 
29-88 


36-12 
32-87 
31-22 
30-98 
30-52 
29-98 
30-32 


26-30 
25-40 
24-98 
24-08 
26-80 
28°50 


36-42 
32-76 
30-72 
29-67 
29-03 
28-30 
27-86 


33-72 
30-54 
29-77 
26-66 
29-14 
26-82 
28-28 
28-82 
28-02 


27-77 


33-17 
30-24 
28-74 
28-64 
28-47 
27-84 
27-86 
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? 
198-3 


237-2 
273-2 
312-9 
352-0 
391-9 
430-2 
470-4 


237-4 
274-5 
312-9 
351-2 
390-3 
428-8 
468-2 
238-6 
274-6 
311-8 
315-5 
352-9 
352-5 
351-3 
392-2 
391-8 
431-9 
472-6 
467-4 
702-2 


271-9 
276-1 
274-1 
275-2 
274-2 
312-9 


301-8 
340-0 
376-8 
414-0 
451-8 
490-0 
527-9 


298-9 
338-9 
377°8 
374:8 
416-2 
417-7 
415-4 
453-7 
492-3 
531-0 


299-2 
338-3 
376-6 
416-3 
454-9 
493-2 
533-0 
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728 2-Pyridyl 
729 3-Pyridyl 
7380 4-Pyridyl 
731 2-Aldehyde 
732 3-Aldehyde 
783 4-Aldehyde 
734 2 

735 = 3- 

736 «Et, 

737 «—-Pr®, 4 

738 Bu, 

7389 = (C,Hy,)2? 

740 (C,H,;). 

741 (C,H), 

R 

742 Pr® k 

743 «=But* 

744 C,H, 

745° CH; 

Ref. no. No? 
670¢ 1-50547 
671* 1-49662 
672 1-49369 
673 1-48912 
674 1-48647 
675 1-48473 
676 1-48290 
677 1-48165 
678° 1-50224 
679 1-49817 
680 1:49343 
681 1-48995 
682 1-48785 
683 1-48566 
684 1-48356 
685 « 1-50144 
686° 1-49798 
687° 1-49331 
688 1-49285 
6894 1-49014 
690 1-49135 
691 1-49238 
692 1-48841 
693 1-48914 
694 1-48568 
695 1-48420 
696 1-48504 
697 1-47950 


Compound Bb. p.°/mm. 


92/17 
113/16 
101/12 


81-5/25 
89-5/14 
79-5/12 


102-5/8 
120/12 


63-5/5 

84-5/6 
108-5/5 
143-0/10 
158-5/5 
147-5/1 


75 

103 
51/40 
40-5/12 


np? 
51021 


_ 


-50102 
‘49783 
49314 
-48023 
48843 
48645 
48515 


sd 


-50685 
-50231 
49745 
49380 
1-49146 
1-48920 
1-48698 


—_—--—-— 


1-50584 
1-50211 
1-49729 
1-49673 
1-49387 
1-49515 
1-49616 
1-49196 
1-49278 
1-48917 
1-48759 
1-48846 
1-48260 


TABLE 5. (Continued.) 
d° ay’ dy’ a}? Y20 
Methyl pyridyl ketones 
10818 1-0624 1-:0456 1-0192 39-68 
1:1065 1-0897 1-0717 1-0497 44-72 
1:1009 1-0845 1-0662 1-0441 44-03 
Pyridinealdehydes 
1-1201 1-1007 1-0847 1-0599 41-53 
11415 1-1255 1-1071 1-0802 46-57 
11371 1-1170 1-1018 1-0759 48-71 
Hydroxymethylpyridines 
1-1317 1-1166 1-1008 1-0816 47-30 
1:1357 11-1227 1-1093 1-0714 49-78 
Dialkyl oxalates 
1-0783 1-0582 1-0366 1-0041 32-43 
10189 1-0001 0-9801 0-9526 29-96 
0-9879 0-9712 0-9524 0-9286 29-92 
0-9655 0-9489 0-9333 0-9156 29-37 
0-9502 0-9342 0-9180 0-8982 30-45 
0-9386 0-9236 0-9076 0-8903 31-33 
Aliphatic aldehydes, R*CHO 
08027 0-7871 _ 24-28 
0-8112 0-7945 - — 24-82 
0-8162 0-8012 0-7836 — 25-94 
0-8174 0-8005 0-7817 0-7667 26-93 
TABLE 6. 

Ny? Ng [Re [Rp 
1-52206 1-52960 23-823 24-071 
Alkylpyridines 
151251 1-52230 28-839 29-057 
150864 151791 33-46 33-69 
1-50325 1-51202 38-20 38-46 
1-49999 1-50848 42-83 43-11 
149789 150591 47-45 47-76 
1-49542 1-50437 52-09 52-41 
1-49398 1-50202 56-71 57-07 
151834 1-52826 28-743 28-967 
1-51320 1-52261 33-41 33-64 
1-50770 1-51656 38-08 38-35 
1-50359 1-51198 42-72 43-00 
1-50071 1-50888 47-35 47-65 
1-49828 1-50602 51-98 52-30 
1-49575 1:50317 56-61 56-95 
151719 1:52700 28-756 28-971 
151271 1:52185 33-37 33-61 
1-50735 1-51608 38-07 38-33 
150677 1-51542 38-05 38-30 
150355 151174 42-71 42-98 
1-50483 1-51317 42-60 42-88 
150581 151405 42-58 42-85 
1-50127 1-50926 47-34 47-63 
150209 1-50737 47-12 47-53 
1-49818 1-50657 51-97 52-28 
1-49631 1-50439 56-60 56-93 
1-49718 1-50460 56-50 56-70 
1-49144 1-49688 84-24 84-70 


Ys 


37-27 
42-22 
41-48 


39-22 
43-98 
46-02 


45-03 
47-36 


30-22 
28-07 
28-03 
27-63 
28-73 


29-27 


22-97 
23-92 
24-90 


29-617 
34°31 
39-13 
43-84 
48-54 
53-23 


57-95 


29-519 
34-26 
39-01 
43-71 
48-41 
53-13 
57-82 


29-517 
34-21 
38-99 
38-96 
43-69 
43-59 
43-56 
48-39 
48-40 
53-10 
57-80 
57-70 
86-03 


and 
Yeo Yes P 
34:94 32-03 281-6 
39-78 36°92 283-6 
38-98 35:90 283-6 
36°94 34-07 243-2 
41:46 38:37 245-4 
43-43 40-25 249-5 
42-78 40°03 253-5 
45:02 42-18 255-2 
28-07 25-43 323-9 
26-22 23-93 401-6 
26:23 23-96 479-9 
25:92 23-80 557-1 
27-03 24-88 640-6 
27-32 24-90 721-1 
-— 199-5 
. 237-4 
21:90 — 276-4 
22-85 20-28 318-4 
[Re Mny* 
24-832 119-46 
30-092 139-78 
34-84 160-49 
39-71 180-93 
44-47 201-48 
49-21 222-12 
54-05 242-68 
58-95 263-30 
29-992 140-32 
34-79 160-97 
39-59 181-46 
44-34 201-96 
49-08 222-57 
53-83 243-13 
58-58 263-63 
29-984 140-23 
34-72 160-95 
39-55 181-44 
39-52 181-37 
44:30 201-79 
44-20 202-14 
44:17 202-28 
49-05 222-65 
48-72 222-25 
53-83 243-12 
58-58 263-74 
58-43 263-89 
86-83 387-61 











oY oe 


a2 «2 


«J «3 «72 «2 


SS ee eS Ve 








(1960) 


Chemical Constitution. 


Part XXVIII. 


4469 


TABLE 6. (Continued.) 

Ref, no. no? np” my nq’? [Ro [R]p [Rp [Re Mny” 
698 150418 1:50857 1-52003 1-52890 33-538 33-783 34-421 34-970 161-64 
699 1:-49653 150085 1-51198 1-52166 33-706 33-920 34544 35-104 160-82 
700 1-49612 1-50050 1-51182 1-52171 33-670 33-923 34570 35-130 160-78 
701 1-49346 1-49779 1-50908 1-51889 33-783 34-032 34675 35-249 160-45 
702 150184 1:50613 1-51755 1-52749 33-562 33-803 34-447 34-996 161-38 
708° 1:50617 1-51026 1-52100 1-53033 38-00 38-26 38-93 39-52 183-01 

Alkyl picolinates 
704 151654 1:52107 1-53334 1-54413 35-35 35-65 36-34 36-93 208-61 
705 150622 1-51063 1-52200 1-53194 40-14 40-44 41-20 41-86 227-83 
706 1-49996 1:50404 1:51479 1-52425 44-81 45°12 45-93 46-64 248-45 
707 1:49745 1-501.2 1-51167 1-52062 49-43 49-77 50-62 51-37 269-05 
708 1-49423 1-49821 1-50805 1-51668 54-04 54-41 55-32 56-10 289-56 
709 1:-49198 1-49562 1-50524 1-51354 58-68 59-04 60-01 60-84 309-97 
710 148986 1-49347 1-50273 1-51156 63-30 63-68 64-69 65-65 330-54 
Alkyl nicotinates 
711 — — — 4 0 wee —_ — 
712% 1-49989 1-50423 1-51532 1-52497 40-10 40-39 41-14 41-79 227-35 
713* 1-49488 1-49838 1-50908 1-51842 44-78 45-09 45-90 46-61 247-55 
714 1:-48857 1-49262 1-50302 1-52102 44-84 45-13 45-96 46-66 246-56 
715" 1:49148 1-49540 1-50549 1:51425 49-39 49-73 50-58 51-32 268-04 
716 1-48709 1-49099 1-50098 1-50974 49-42 49-75 50-61 51-36 267-22 
717 1-48506 1:48894 1-49887 1-50751 49-43 49-77 50-62 51-37 266-86 
718 1:-49032 1-49432 1-50390 1-51253 53-99 54-36 55-25 56-05 288-80 
719* 1-48654 1-49018 1-49950 1-50773 58-61 58-97 59-93 60-76 308-87 
720" 1-48614 1-48968 1-49888 1-:50717 63-25 63-63 64-66 65-57 329-71 
Alkyl isonicotinates 
721 150918 1:51373 1-52511 153533 35-28 35-54 36°19 36-79 207-59 
722 1:-49692 1-50112 1-51222 1-52168 40-03 40-31 41-07 41-71 226-91 
723 149185 1-49590 1-50629 1-:51548 44-69 45-00 45-80 46-50 247-11 
724 1-48883 1-49269 1-50270 1-51145 49-32 49-65 50-50 51-24 267-56 
725 1-48708 1-49089 1-50045 1-50900 53-94 54-29 55-19 55-99 288-10 
726 1-48497 1-48856 1:49784 1-50657 58-58 58-95 59-90 60-78 308-51 
727 1-48367 1-48722 1-49633 1-50419 63-18 63-57 64-58 65-45 329-11 
Methyl pyridyl ketones 
728 151721 1-52224 1-53543 1-54717 33-89 34-16 34-88 35-52 184-40 
729 1-52925 1-53442 1-54781 1-55995 33-78 34-05 34-76 35°34 185-97 
730 152425 1-52931 1:54241 1-:55423 33-68 33-92 34-65 35-28 185-26 
Pyridinealdehydes 
731 153075 1:53653 1:55185 1-56572 29-57 29-84 30°55 31-18 164-20 
732 1-54372 1:54983 1:56584 1-58038 29-61 29-89 30-60 31-25 166-00 
733 1-53813 1:54403 1-55961 1:57386 29-47 29-75 30-44 31-08 165-41 
Hydroxymethylpyridines 
734 153972 1:54442 1-55660 1-56718 30-24 30-46 31-02 31-51 168-54 
735 154168 1-54649 1-55866 1-56933 30-23 30-45 31-01 31-49 168-76 
Dialkyl oxalates 
736) 1-40812 1:41024 141547 1-41979 33-44 33-60 33-97 34-28 206-1 
787/ 141431 1-41646 1-42178 1-42613 42-75 42-94 43-43 43-82 246-73 
738/ 142119 1-42337 1-42881 1-43316 51-94 52-17 52-76 53-22 287-87 
7395 1-42661 1-42883 1-43425 1-43867 61-20 61-48 62-15 62-70 329-06 
740 1-43132 1-43361 1-43908 1-44352 70-42 70°75 71-53 72-15 370-37 
741 1-43524 1-43752 ‘1-44304 1-44750 79-67 80-03 80-91 81-62 411-72 
Aliphatic aldehydes 
742* 137797 1-37995 1-38488 1-38903 20-72 20-81 21-05 21-25 99-49 
743 * 1-39237 1-39429 1-39937 140360 25-31 25-42 25-70 25-99 120-10 
744 1-40241 1-40450 1-40966 1-41399 29-91 30-04 30-38 30-67 140-67 
745 1-40950 1-41163 1-41692 1-42131 34-57 34-73 35-12 35-44 161-18 





* Cf. Biddiscombe ef al.2_ * Sample prepared by reduction of 4-acetylpyridine. * Sample pre- 
pared from pyridine and propionic anhydride. ¢ Sample prepared from pyridine and butyric anhydride. 
* Cf. Wibaut and Arens, Rec. Trav. chim., 1943, 62, 549. 4M. p. 38°. # Cf. Badgett ef al.2® * Cf. 
Badgett et al.2® 4 Cf. Vogel.2? * Cf. Coomber and Partington, J., 1938, 1444. 
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hydrogen carbonate solution, the distillate was collected and ether-extracted in nitrogen, and 
the dried extract distilled through a 4”’ Fenske-type column filled with glass helices; the product 
had b. p. 75°/764 mm. 

Heptaldehyde, purified as above, had b. p. 40-5°/12 mm. 

Valeraldehyde and hexanaldehyde. These were prepared by passing pure pentyl and hexy| 
alcohol respectively through a copper-chromium oxide catalyst deposited on pumice (3—g 
mesh) ** contained in a copper tube heated at 320°. The crude products were dried (MgSO,) 
and distilled through a 6” Fenske-type column (packed with glass helices) with a variable take- 
off head at a reflux ratio of 10:1. Valeraldehyde had b. p. 102-5—103-5°/768 mm.;_hex- 
analdehyde had b. p. 50-5—51°/40 mm. 

Physical Properties.—Tables 5 and 6 summarise the physical properties. The numbering of 
compounds in bold type follows from Part XXIV."  B. p.s in Table 5 are at 760 mm. unless 
otherwise indicated. 

Ultraviolet Spectra.—Measurements were made in matched 1 cm. silica cells on a Unicam 
spectrophotometer S.P. 500. Hexane “‘ free from aromatic hydrocarbons ’’ was purified by 
percolation through a 40” column of silica gel (14—20 mesh). Solutions were prepared by 
dissolving an accurately weighed amount (12—15 mg.) of the sample in 10-0 ml. of purified 
hexane: 1-00 ml. of this solution was diluted to 25-0 ml. with purified hexane. 


TABLE 7. Absorption maxima. 


Alkyl c » E hee & he & Alkyl c Arse. E ies, fon 
2-Alkylpyridines Alkyl nicotinates 
Methyl 0-50 256-0 2450 261-5 2450 268-0 1800 Methyl 0-43 262-5 2650 257-5 2650 
Butyl 0-57 256-0 2400 261-5 2400 268-0 1800 Ethyl 0-41 262-5 2550 257°5 2500 
Heptyl 0-48 256-0 2500 261-5 2500 268-0 1900 Butyl 0-32 262-5 2650 257-°5 2650 
3-Alkylpyridines } Alkyl isonicotinales 
Methyl 0-95 258-0 2200 262-5 2200 267-0 1650 Methyl 0-39 273-5 2600 
Butyl 0-71 258-0 2350 262-5 2350 267-0 1750 Ethyl 0-38 273-5 2550 
Heptyl 0-51 258-0 2400 262-5 2400 267-0 1800 Butyl 0-34 273-5 2600 
4-Alkylpyridines Solvent c 7 E Aes, E 
Methyl 0-57 255-0 1600 2-Acetylpyridine 
Butyl O57 S860 Ire Hexane 0-33 267-5 3150 227-5 6850 
t-Butyl 0°38 255-0 1700 0-IN-H,SO, 0-10 269-5 6800 224-0 2800 
Heptyl 0-27 255-0 1700 0-In-NaOH 0-10 270-0 4950 230-0 7400 


Dialkylpyridines 3-A cetylpyridine 


2,6-Me, 0-45 261-0 2950 265-5 3150 272-5 2300 44 oss 9660 Sie on-5 a 

2,5-Me, 0-29 264% 2750 269-0 2900 275-5 2150 9.1N-H.SO, 0-14 a. ae fe ee 

24-Me, 025 - — 260-5 2050 267-5 1850 9.1x-NaOH 0-14 267-5 3000 230-0 8250 

2,3-Me, 0:23 260* 2800 265-5 2950 271* 2300 

2.5-Me, 0-25 266* 2650 269-0 2800 275-0 2150 6 Aeiiiienime 

4-Et-3-Me 0:32 256% 1950 260-0 2050 268* 1600 oi i, eu — 

exane , 279-0 2050 221-0 7 

Alkyl picolinates 0-IN-H,SO, 0-15 275-0 3650 222-0 7050 


-IN-NaOH 0-15 282-0 2550 222-0 9050 
Methyl 0-49 263-5 3300 259-0 3300 Pe O8S eS Se , 
Ethyl 0-43 263-5 3250 259-0 3200 
Butyl 0-39 263-5 3300 259-0 3300 * Inflexion. 


The results are in Table 7. are in my. Concentrations c are in millimoles per 1. Our 
values for Amax, and for E for the three picolines are in excellent agreement with those of 
Herington * for cyclohexane solutions. Agreement was satisfactory with the published data 
on methyl 3-pyridyl ketone * in 2,2-dimethylbutane and acidified ethanol. 

Infrared Spectra.—The infrared absorption spectra (capillary film) were kindly measured 


8 Ref. 24, p. 321. 
** Linstead, Elvidge, and Whalley, ‘‘ Modern Techniques of Organic Chemistry,’’ Butterworths, 
London, 1955, p. 100. 
* Herington, Discuss. Faraday Soc., 1950, 9, 31; only curves of the absorption spectra are given. 
3! Swain, Eisner, Woodward, and Brice, J]. Amer. Chem. Soc., 1949, 71. 1342. 
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by Mr. R. F. Branch, B.Sc. of the Ministry of Supply, Woolwich, using a Perkin-Elmer double- 
beam instrument with a rock-salt prism. The compounds were sealed into glass vials im- 
mediately after distillation, and exposure to the atmosphere was reduced to a minimum in 
transfer to the cell of the instrument. However, sufficient water was absorbed to give O-H 
association bands at 3030—2860 cm."},. 

The spectra for the three picolines and for 2,6-lutidine were identical with those obtained 
by Biddiscombe et al.* except that our spectra contained the water absorption band at 3030— 
2860 cm.-!. See also Coulson, J., 1959, 1934. 

Lists of the main frequencies and rough estimates of the intensities of the stronger absorption 
bands are presented in Table 8 (vs = very strong, s = strong, and m = medium).* 


TABLE 8. Infrared spectra: main peaks (cm.*). 
Key: (1) 2,3-Lutidine. (2) 2,4-Lutidine. (3) 2,5-Lutidine. (4) 3,5-Lutidine. (5) 2-Acetylpyridine. 
(6) 3-Acetylpyridine. (7) 4-Acetylpyridine. (8) Et picolinate. (9) Et nicotinate. (10) Et iso- 
nicotinate. 


(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
680s 727s 710m 710vs 742s 704vs 8l7vs 695vs 703vs 677vs 
727vs 754m 725s 723s 780vs 748m 960s 707vs 743vs 707vs 
788vs 817vs 815vs 856vs 953s 810vs 991s 747vs 786m 758vs 
852m 912s 856m 928m 995s 956vs 1018m 783m 833m 853vs 
970s 996m 1028s 943m 1042s 102lvs 1061s 824s 853s 874s 
991s 1032s 1130m 1007m 1100s 1090m 1080m 856s 872m 992s 

1020s 1131m 1237m 1032vs 1145m 1117s 1213s 872m 1025vs 1020vs 


1067m 1137m 1287m 1089vs 1245vs 1191s 1260vs 993vs 1037vs 1063vs 
1120vs 1163m 1368vs 1137vs 1278vs 1238s 1316m 1020s 1109vs 1115vs 
1172s 1243m 1440s 1162vs 1291s 1267vs 1353vs 1044vs 1169vs 1170s 

1231s 1287s 1480vs 1227s 1353vs 1353vs 140lvs 1086vs 1190vs 1210s 

1267m 1372s 1560s 1267m 1415m 1412vs 1543s 1126vs 1290vs 1214vs 
1361s 1395s 1590s 1313s 1430s 1467m 1588m 1169s 1320vs 1277vs 
1373s 1444vs 2890s 1370vs 1456m 158lvs 1684vs 1239vs 136lvs 131l6vs 
1422vs 1482vs 2960m 1413vs 1581s 1682vs 3000m 1275vs 1386vs 136lvs 
1430vs 1560vs 3370m 1450vs 1692vs 2980m 3330m 1287vs 1415vs 1404vs 


1450vs 1600vs 1570vs 3390m 1300vs 1440s 1440s 
1570vs 2930s 1590s 136lvs 1464vs 1460s 
1620m 2990s 1620m 1384s 1588vs 1487s 
1638m 3450m 1650m 1430vs 1720vs 1558vs 
1650m 1770m 1460s 2970vs 1592m 
2900vs 1850m 1575vs 1720vs 
3020s 2880vs 1636m 2970s 
3370s 2940vs 1710vs 3430m 
2980vs 1730vs 
3370s 2960s 
3040m 
3430m 


The stretching vibration frequencies of the carbonyl] links in the pyridinemonocarboxylic 
esters and the acetylpyridines are at slightly lower frequencies than those of aliphatic com- 
pounds,* viz.: Et picolinate 1708, Et nicotinate 1717, Et isonicotinate 1720, aliphatic esters * 
1740—1738, 2-acetylpyridine 1693, 3-acetylpyridine 1680, 4-acetylpyridine 1686, and aliphatic 
ketones 1710 cm.}. 


APPENDIX. Apparatus for fractional freezing. 

The apparatus used for the purification of y-picoline and various lutidines by fractional 
freezing is shown in Figs. 1 and 2. It consists of a test-tube (20 x 4 cm.) held by a cork in a 
larger tube (20 x 7 cm.) immersed in a Dewar vessel containing, usually, acetone and carbon 
dioxide. The liquid to be frozen is placed in the inner tube, which is closed by a cork holding 
a gas-inlet tube (4—5 mm. diameter; bent and drawn out at the lower end to 1 mm. diameter), 
a long-stem alcohol thermometer,‘and an outlet tube (with a calcium chloride guard-tube, not 
illustrated). The apparatus for intermittent gas stirring (Fig. 2) consists of: A, the inlet tube 


* The complete spectra are given in C. T. Kyte, Ph.D. Thesis, London, September, 1956. 
32 Thompson and Torkington, /J., 1945, 640. 
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for pure nitrogen; B, the gas outlet tube, connected by rubber “ pressure ”’ tubing through a 
wash-bottle containing concentrated sulphuric acid to the gas inlet tube in Fig. 1; G, a B24 
ground-glass joint; C,a mercury reservoir; D, a glass needle-valve, constructed of tubing with 
the same internal diameter as tube B (5 mm.), ground in at E, the upper end being of 3 mm. 
glass rod; to ensure that the glass “ needle ’’ moves vertically, two sets of ‘‘ pips ’’ are fused on 
to the glass ‘‘ needle.”” The glass “‘ needle ’’’ is mounted on a cork float F. When C is raised 
the pressure of mercury on the float forces the ‘‘ needle ’’ upwards and closes the gas outlet B, 
C is raised so that the float is immersed in mercury to a depth of about 1’... A slow stream of 
nitrogen is allowed to pass into the gas-chamber through A: the resulting pressure gradually 


Fic, 1. Fic. 2. 






































forces the mercury back into the reservoir C and ultimatély the level of the mercury falls below 
that of the cork float F, the glass ‘‘ needle ”’ then falls, releasing the gas pressure through the 
outlet B; the mercury simultaneously rises to its original level, closing the glass valve. The 
height of the mercury in C and the rate of flow of gas from the cylinder are adjusted to give 
0-5 sec. bursts of gas every 10—20 sec.; the rate of bubbling is indicated by the sulphuric acid 
wash-bottle. 

Stirring with a slow and continuous stream of gas was unsatisfactory because, when about 
half of the liquid was frozen, channelling occurred which led to supercooling. The vigorous 
intermittent stirring produced very efficient agitation in the suspension and distintegrated small 
aggregates of crystals. 

The cooling-bath was maintained at 5—6° below the f. p. of the liquid by the occasional 
addition of solid carbon dioxide: a sample of about 50 ml. could thus be frozen in 4—8hr. A 
cooling curve was plotted for each sample and the freezing was continued until the temperature 
began to fall rapidly. The gas supply was then discontinued, the thermometer and inlet tube 
were removed, and the supernatant liquid was decanted into a measuring cylinder. The 
“ freezing ’’ tube was then closed, the solid allowed to melt, and the process repeated. 

If seeding of the liquid was required in order to prevent supercooling, crystals were 
introduced on a glass rod through the outlet tube. 





The authors thank Imperial Chemical Industries Limited for a grant. 
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Lonpon, S.E.18. [Received, December 10th, 1959.] 
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865. Raman Effect and Solvent Extraction. Part II. Spectra 
of the Tetrachloroindate and Tetrachloroferrate Ions. 


By L. A. WoopwarpD and M. J. TAYLOR. 


Ether extracts from solutions of indium chloride containing hydrochloric 

acid give a Raman spectrum which is attributed to the regular tetrahedral 

tetrachloroindate InCl,~ ion (v, = 321 cm.*4, strong, polarized; v, = 89cm.*, 

medium, depolarized; v, = 337 cm.1, weak, diffuse, depolarized; y= 

112cm."1, medium, depolarized). The spectra of the aqueous solutions before 

extraction show that the tetrachloroindate ion is not the predominant indium- 

containing complex present. Extracts from gallium chloride solutions 

containing hydrochloric acid give the known spectrum of the tetrachloro- 

gallate GaCl,~ ion. Extracts from ferric chloride solutions containing hydro- 

chloric acid give a spectrum which is attributed to the tetrachloroferrate 

FeCl, ion and shows that its structure is regular tetrahedral (v, = 330 cm.1, 

strong, polarized; v, = 106 cm.1, medium; v, = 385 cm."!, weak, diffuse; 

v, = 133 cm.}, weak). 

Extraction of Indium as InCl,~ 

Spectra of Extracts—A 4m-aqueous solution (15 ml.) of indium chloride saturated with 
hydrogen chloride at room temperature was shaken with ether (22 ml.); two layers slowly 
formed. The volume of the ether layer was about 1 ml. larger than that of the original 
ether, and the aqueous layer showed a corresponding decrease in volume. 

Table 1 gives the Raman frequencies observed for the solute in the ether extract. These 
were easily distinguishable from solvent frequencies, which are higher and relatively 
feeble. 

TABLE 1. Raman spectrum of extracts. 


—— { From Hg 4358 A ...... 89 112 321 337 

v (cm.). From Hg 4047 A ...... 89 112 320 336 
ROOMEEY, WOE. i. ccsiscrscccepsccscece medium medium strong, sharp weak, diffuse 
UNI ccctadivclgqnacenaniccnshoe depol. depol. highly polarized  depol. 


An identical spectrum was also observed for the ether layer obtained by extracting with 
an equal volume of ether an aqueous solution containing 0-85m-indium chloride and 
8-5M-hydrochloric acid. 

Attribution of Observed Spectrum to the Tetrachloroindate Ion.—The Raman spectrum 
shown in Table 1 is analogous to that previously reported ! for the tetrabromoindate ion, 
and can be confidently attributed to the corresponding InCl,~ ion. From the totally 
symmetric stretching frequency v, = 321 cm. we obtain kj,~q = 2:16 x 105 dynes/cm. 
for the stretching force constant. 

Support for this attribution is obtained from a comparison with the spectra and stretch- 
ing force constants of the isoelectronic species tetrachlorocadmate ion CdCl,?~ and stannic 
chloride (see upper half of Table 2). In particular, as the atomic number of the central 


TABLE 2. Spectra (cm. ) and stretching force constants (dynes/cm.) of isoelectronic species. 


Species XY, vp(E) v4(F,) v,(A,) v,(F) 10°kx~y Ref. 
gill SET EE SOR ? « ? 250 ? 1-30 2 
aS = 89 112 321 337 2-16 Present work 
SY, evasdindcnsdenteue 104 134 366 403 2-80 3 
EERE | .'xadeownnyessenh ? ? 282 ? 1-64 2 
MUIR wpavesasnccetaseve 114 149 346 386 2-50 4 
BEE “iddacoyecceasebuce 134 _. se 396 453 3°27 3 

1 Woodward and Bill, J., 1955, 1699, is considered to be Part I. 

2? Delwaulle, Bull. Soc. chim. France, 1955, 1294. 

3 Herzberg, “ Infra-red and Raman Spectra,” van Nostrand Co., New York, 1945, pp. 167 and 182. 
4 


Woodward and Nord, J., 1956, 3721. 
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metal atom progressively increases, the values of kx-y show the type of non-linear increase 
which (as pointed out by Woodward 5) is characteristic of such isoelectronic triads. The 
lower half of Table 2 gives the corresponding comparison for the analogous isoelectronic 
triad ZnCl,?~, GaCl,, and GeCl,. The similarity with the triad including tetrachloro- 
indate is obvious. 

Comparison with tetrabromo- and tetraiodo-indate also supports the view that the 
observed spectrum is due to the tetrachloroindate ion (see upper half of Table 3). More- 


TABLE 3. Spectra (cm.) and stretching force constants (dynes/cm.) of analogous ions. 


Ion XY, v,(E) v4(F3) v,(A,) v3(F 3) 10°kx~-y Ref. 
FA cowerosesensescecs 89 112 321 337 2-16 Present work 
BRE, accccctenssvcscoce 55 79 197 239 1-83 1 
BOG dactesavsesetsvics 42 58 139 185 1-44 6 
GAS” sesesevestaceesse 114 149 346 386 2-50 4 
GS | asckbeapanvess 71 102 210 278 2-08 7 
GRR daxccrepasecsqnsce 52 73 145 222 1-57 6 


over there is a close similarity with the corresponding data for the halide complexes of 
gallium (lower half of Table 3). 

The results show that the indium is extracted by ether in the form of the ion pair 
(H*)(InCl,~), in which the H* is doubtless solvated. The two ether extracts which gave 
the Raman spectrum of Table 1 were analyzed chemically for indium and chlorine and 
the atomic ratio Cl/In was found to be 4:7 + 0-1 in both. The excess over 4 can be 
explained as due to extraction of some hydrochloric acid into the ether layer. Some 
aqueous solutions with a high concentration of acid relative to that of indium chloride 
(e.g. 1-6m-indium chloride + 15m-hydrochloric acid and 1-2M-indium chloride + 12M-acid) 
were completely miscible with equal volumes of ether: 

Raman Spectra of Aqueous Solutions.—The aqueous solutions before extraction showed 
no trace of the spectrum of the tetrachloroindate ion: even the most intense line (v, = 
321 cm.") was absent. Evidently the tetrachloroindate ion is by no means the 
predominant indium-containing species. Thus the case is analogous to that of indium 
bromide solutions;! but quite different from corresponding acid aqueous solutions of 
gallium chloride or bromide, which show only the spectra of tetrachloro- and tetrabromo- 
gallate ions respectively.*? 

The principal feature of the Raman spectrum of aqueous 4M-indium chloride saturated 
with hydrogen chloride was a band (or broad line) centred at about 283 cm.!. There were 
also indications of feebler lines at about 130 and 175 cm.+. Solutions with lower con- 
centrations of indium showed only the principal band. A series was investigated in which 
the concentration of indium chloride was kept constant at 1-2m and that of hydrochloric 
acid was progressively increased from 0-4 to 15m. The centre of the Raman band moved 
gradually to lower frequencies (from about 295 to about 275 cm.) as the acid concentration 
was increased. In the solutions of highest acid concentrations the band became noticeably 
sharper. 

These spectra must be due to complexes other than the tetrachloroindate ion, and it 
appears probable that pentachloroindate InCl,2~ and hexachloroindate InCl,3~ are 
principally concerned. The most intense Raman features will be due to symmetrical 
In-Cl stretching, and the frequencies will be expected to decrease in the order InCl,~ > 
InCl,?~ > InCl,*~. On the assumption that the most intense stretching frequency of 
the pentachloroindate ion is about 295 cm. (which is reasonable in relation to that of the 
tetrachloroindate ion and to the value, 356 cm.!, for the isoelectronic species antimony 

5 Woodward, Trans. Faraday Soc., 1958, 54, 1271. 


® Woodward and Singer, /., 1958, 716. 
7 Woodward and Nord, J., 1955, 2655, 
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pentachloride *) and that the symmetrical In-Cl stretching frequency of hexachloroindate 
jon is about 275 cm. (which is reasonable in relation to the value, 311 cm.1, for the 
isoelectronic hexachlorostannate ® species SnCl,?~), the observed progressive displacement 
of the unresolved Raman band to lower frequencies with increasing concentration of hydro- 
chloric acid is understandable in terms of a progressive increase in the concentration of 
hexachloroindate at the expense of pentachloroindate. The presence of two other feebler 
frequencies at high concentrations of indium and acid is consistent with the presence of 
regular octahedral hexachloroindate ion with the Raman-active frequencies v,(A,) ~ 275, 
v,(E) ~ 175 and v;(F,) ~ 130 cm.* (cf. isoelectronic hexachlorostannate ® with v, = 311, 
v, = 229, and v; = 158 cm.*). 

Despite the relatively low concentration of tetrachloroindate in the aqueous solution, as 
compared with pentachloro- and hexachloro-indate ions, it is the tetrachloroindate ion 
that is preferentially (and apparently exclusively) extracted into ether. The explanation 
is doubtless concerned with an adverse effect of the higher anionic charges in aggregates of 
the type (H*),(InCl,?~) and (H*),(InCl,*-) as compared with (H*)(InCl,>). 
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Extraction of Gallium as GaCl,~ 


Aqueous solutions of gallium chloride containing hydrochloric acid show only the 
Raman spectrum of the tetrachlorogallate ion. Ether extracts from these solutions were 
found, as expected, to show the same spectrum. The measured frequencies are given in 
Table 4. Within the limits of experimental error they are the same in ether layers as in 


TABLE 4. Raman frequencies of GaCl,~ (cm.*). 


Ve % "1 V3 
Aqueous solutions ................4+ 114 149 346 386 
IEEE ctnversnannsegacninune 116 150 345 381 


water. (The v, line is diffuse and its frequency difficult to measure precisely.) 

By analogy we conclude that the frequencies given in Table 1 for the tetrachloroindate 
ion (observed only in ether extracts) are not subject to any appreciable effect of 
environment. 

Extraction of Iron as FeCl,~ 


In 1892 Rothe ! discovered that iron is extracted by ether from aqueous solutions of 
ferric chloride containing hydrochloric acid. This appears to have been the first example 
of the solvent extraction of an inorganic complex to be reported, and it has subsequently 
been studied in detail by a number of workers. Axelrod and Swift concluded from 
analyses that the formula of the extracted species was HFeCl,; and this was confirmed by 
Nachtrieb and his co-workers, who also studied the absorption spectra of the extracts. 
Later studies establishing the presence of the tetrachloroferrate ion in the organic layer 
were made by Friedman ' and by Myers, Metzler, and Swift.4 Hitherto no determination 
of the structure of this ion in solution appears to have been made. 

Raman Spectra of Ether Extracts —15 ml. of a 0-7M-aqueous solution of ferric chloride 
containing 6M-hydrochloric acid were shaken with an equal volume of ether. The result- 
ing ether layer had a volume of about 16 ml., and the water layer about 14 ml. The 
ether extract was pale greenish-yellow, in contrast to the much deeper yellow colour of the 
aqueous solution. Owing to absorption it was not possible to use either the blue mercury 





8 Redlich, Kurz, and Stricks, Monatsh., 1937, 71, 1. 

* Woodward and Anderson, J., 1957, 1284. 

Rothe, Stahl u. Eisen, 1892, 18, 1052. 

™ Axelrod and Swift, J. Amer. Chem. Soc., 1940, 62, 33. 

#2 Nachtrieb and Conway, J. Amer. Chem. Soc., 1948, 70, 3547; Nachtrieb and Fryxell, ibid., p. 
3552; idem, ibid., 1952, 74, 897. 

13 Friedman, J. Amer. Chem. Soc., 1952, 74, 5 


‘4 Myers, Metzler, and Swift, J. Amer. Chem. Soc., 1950, 72, 3767. 
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line (4358 A) or the violet line (4047 A) to excite the Raman spectrum, but excitation with 
the green line (5461 A) gave the spectrum shown in Table 5. Owing to its deeper colour 
the aqueous solution was not investigated. 

Attribution of Spectrum to Regular Tetrahedral Tetrachloroferrate Ion.—The four-line 
pattern, with one highly polarized intense line, is that expected for a regular tetrahedral 
species of XY, type, and the spectrum can be confidently attributed to the tetrachloro- 
ferrate ion with this structure. The only unusual feature is the weakness of the 133 cm. 


TABLE 5. Raman spectrum of the tetrachloroferrate ion. 


Av (cm.~) 106 133 330 385 
ROU, GUC. vec csiciniicevecscess medium weak strong, sharp weak, diffuse 
BOMCIIIOR | ig tajens sca pesccesecsgee — —_ highly polarized — 


line. From v, = 330 cm.* we obtain kpe—o, = 2-28 x 10° dynes/cm. for the bond-stretch- 
ing force constant. 
The most nearly related species for which data are available is titanium tetrachloride, 


TABLE 6. Comparison of the tetrachloroferrate ion and titanium tetrachloride. 


Species XY, v,(E) vq4(F2) v,(A) v3(F2) 10°kx-y Ref. 
Ee gerdinesswnctenve qonnine 106 133 330 385 2-28 Present work 
EMM Vivdbsiddvinucicdioncassaed 120 141 386 495 3-11 3 


and the comparison is shown in Table 6. As expected, the frequencies and force constant 
of the negatively charged tetrachloroferrate ion are all lower than those of the neutral 
titanium tetrachloride molecule. In support of the force constant of the ion we note 
that the ratio of its value to that of titanium tetrachloride (1.e. 2-28/3-11 = 0-73) is nearly 
the same as the ratio of the corresponding force constant of the singly negative tetrachloro- 
gallate ion to that of the neutral germanium tetrachloride molecule (i.e. 2-50/3-27 = 0-76; 
see Table 2). 

The spectrum shows that the tetrachloroferrate has the regular tetrahedral structure. 
This is in accordance with expectation for a weak-field spin-free d° arrangement of the 
d-electrons of the central iron atom, as verified by the observation that the magnetic 
moment has the normal spin-free value (5-95 Bohr magnetons) in an ether extract.?® 

As with indium chloride, the iron is preferentially (and apparently exclusively) 
extracted as the singly charged complex ion, although (as is evident from the different 
colour) this is not the only species, and possibly not the predominant one, present in the 
aqueous solution from which the extract is made. 


EXPERIMENTAL 


Preparation of Aqueous Solutions.—Indium chloride solutions were prepared by dissolving 
weighed quantities of pure indium metal in excess of concentrated hydrochloric acid. The 
higher concentrations of acid were obtained by passing in hydrogen chloride. To prepare 
gallium chloride solutions, metallic gallium (previously granulated by shaking the molten metal 
in warm water) was dissolved in concentrated hydrochloric acid. Ferric chloride solutions 
were prepared by dissolving the pure anhydrous compound in hydrochloric acid. 

Extraction.—The aqueous solutions were shaken for at least 2 min. at room temperature 
with the appropriate volumes of pure peroxide-free ether. 

Chemical Analyses of Indium Extracts ——Indium was determined as In,O, by the method 
used in Part I.1_ Chlorine was determined as silver chloride. Triplicate analyses gave con- 
sistent results. The limits of error of Cl: In ratios are about +.0-1. 

Raman Spectra.—Solutions were filtered carefully through paper (or, where this was im- 
practicable owing to high acid concentration, through sintered glass) into the Raman cell. 


18 Gillespie and Nyholm, Quart. Rev., 1957, 11, 339. 
‘6 Metzler and Myers, /. Amer. Chem. Soc., 1950, 72, 3776. 
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The spectra were excited by suitable lines from a Toronto-type mercury-arc source, other 
primary lines being suppressed by appropriate filters. All the spectra were recorded photo- 
graphically, a Hilger E 612 two-prism spectrograph being used with F 5-6 camera (dispersion 
about 95 cm.~! per mm. in the region of lines excited by Hg 4358 A and about 160 cm." per mm. 
in the region of lines excited by Hg 5461 A). For each solution a number of spectra were 
photographed with different exposure times on Kodak Special Scientific (Oa, G) plates. 
Frequencies were measured in the usual manner with an iron-arc spectrum as standard. The 
limits of error of Av values are approx. +2 cm.7™ for strong sharp lines. For weak and diffuse 
features the errors may be somewhat larger. States of polarization of lines were determined 
qualitatively by the method of polarized incident light. 


We thank Mr. D. A. E. Rendell for preliminary work on indium chloride solutions. 
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866. Chelating Reactions of 1,2-Dihydroxyanthraquinon-3-ylmethyl- 
amine-NN-diacetic Acid with Metal Cations in Aqueous Media. 


By M. A. LEonarpD and T. S. WEsT. 


A systematic study has been made of the variables involved in the 
synthesis of ‘‘ alizarin complexan ’’ and related compounds; the identity of 
the products is confirmed by molecular-weight determinations based on 
conductometric and radiofrequency titration. An explanation is proposed for 
the observed similarity between the absorption spectra of metal chelates of the 
reagents and those of the metal-free reagents of higher pH values. Investig- 
ation of the chelates formed by “ alizarin complexan ”’ with four selected 
metal ions by the procedure of continuous variations reveals the formation 
of 1: 1 reagent—metal compounds except in the instance of thorium when 
the ratio is 2:1. Mononuclear chelation is favoured on the grounds of 
observed chemical reactions with cations of tetraco-ordinate habit, etc. 

The cerium(111) chelate of alizarin ‘‘ complexan ”’ gives a specific colour 
reaction with the fluoride ion. No other anion is found to react similarly, and 
amongst the rare earths available only lanthanum and praseodymium give 
the reaction. The mechanism of this reaction which is highly selective 
towards cation as well as anion is accounted for. The formation of colour 
by the fluoride ion furnishes a sensitive method for its spectrophotometric 
determination. The fluoride complex may be extracted into certain 
amine-containing solvents. 


THE preparation and analytical properties of NN-di(carboxymethyl)aminomethyl deriv- 
atives of some hydroxyanthraquinones, particularly those whose trivial names are alizarin 
complexan (see formule on p. 4481) and alizarin bordeaux complexan, have previously 
been described;! so has a submicro-method for the determination of fluorine in organic 
compounds 2 based on an unusual reaction of the former compound.* This paper presents 
an account of the interaction of the most important members of the group with a range 
of cations in buffered aquequs media and seeks to elucidate the nature of the reaction 
between the cerium(1!) chelate of alizarin complexan and small amounts of fluoride ion. 


RESULTS 
Preparation of Reagents.—Since the principal reagent, alizarin complexan, had been obtained 
in only 13% yield, an attempt was first made to improve its preparation. It was observed 
that the products obtained by treating various polyhydroxyanthraquinones with iminodiacetic 
! Belcher, Leonard, and West, J., 1958, 2390. 


? Belcher, Leonard, and West, /., 1959, 3577. 
* Belcher, Leonard, and West, 7alanta, 1959, 2, 92. 
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acid and formaldehyde were formed at greatly different rates. The course of the reaction was 
followed spectrophotometrically. At intervals aliquot parts of the reaction mixture were 
diluted and extracted with ether at pH 4-3, to remove unchanged hydroxyanthraquinone, and 
the aqueous layer was diluted to volume and its absorbancy measured at the appropriate 
wavelength. The absorption corresponding to 100% reaction was calculated from measure- 
ments on known amounts of the appropriate derivative. Curves relating % reaction against 
time were then prepared. 

Preliminary experiments with 1,2-dihydroxyanthraquinone revealed that the reaction 
proceeded best with a good excess of iminodiacetic acid, and later experiments were conducted 
with a four-fold excess of this reagent. Variation of time, temperature, and volume revealed 
that the optimum conditions for the synthesis of alizarin complexan corresponded to the use 
of: (a) a four-fold excess of iminodiacetic acid; (b) as small a volume as possible; (c) a temper- 
ature of 70°; and (d) a condensation time of ca. 14 hours. These conditions led to 20% reaction. 

The optimum conditions for obtaining products from the other polyhydroxyanthraquinones 
were: 1,2,5-trihydroxyanthraquinone (alizarin bordeaux), 14 hr. at 70° (32% reaction); 1,2,6- 
trihydroxyanthraquinone (flavopurpurin), 5 hr. at 70° (86% reaction); 1,2,7-trihydroxy- 
anthraquinone (anthrapurpurin), 1-5 hr. at 70° (92% reaction); 1,2,5,8-tetrahydroxyanthra- 
quinone (quinalizarin), 2 hr. at 70° (50% reaction). 

Pribil and his co-workers *5 have described similar Mannich reactions carried out in glacial 
acetic acid with excellent yield. Accordingly the above reactions were repeated in this medium 
with 1,2-dihydroxy-, 1,2,6-trihydroxy-, 1,8-dihydroxy-, and 2-hydroxy-anthraquinone; though 
the desired products were obtained in the first two instances, the yields were poor, and none 
was obtained with the other two; this was no doubt partly due to the relatively low solubility 
of the reagents and the high temperature necessary. 

Molecular Weight of Aminomethyl-NN-di(carboxymethyl)-substituted Hydroxyanthraquinones.— 
Although the identity of the compounds had previously been established by ultimate analyses 
and their m. p.s had been recorded,! further characterisation was now achieved by molecular- 
weight determinations. These were effected by conductometric and radiofrequency titration 
with 0-0lm-cerium(111) solution. Previous knowledge*of reactions between metal ions and 
iminodiacetic acid suggests that cerium(111) should react with these reagents to form a 1:1 
chelate and this point was subsequently confirmed by spectrophotometric measurements. The 
conductometric titrations were carried out in the 0-01—0-002M-range in a lightly buffered 
ammonium acetate medium with an instrument operating at 50 c.p.s. Very sharp end-points 
were obtained in all titrations except with the product from 1,2,7-trihydroxyanthraquinone 
(later found to be impure). The radiofrequency titrations were carried out with a type I 
instrument ® operating in the 15 megacycle/sec. range and similar to that described elsewhere.’ 
In this instance, the titration was carried out with cerium(11) acetate, but in an unbuffered 
solution because of the tendency of electrolytes to load the oscillator. The radiofrequency 
examination was only applied to alizarin complexan since the results obtained by conventional 
conductometric titration were satisfactory (cf. Table 1). The results obtained agree well with 
theoretical requirements and substantiate the identity and purity of the products. 


TABLE 1. Molecular weight by conductometric titration with cerium(tn). 


Complexan from No. of detns. M, Found M, Calc. 
1,2-Dihydroxyanthraquinone ..............0eeeeeees 6 (6) * 385 (371) * 385 
1,2,5-Trihydroxyanthraquinone .............0.000++ 5 402 401 
1,2,6- . ee 7 395 401 
1,2,5,8-Tetrahydroxyanthraquinone ............... 5 418 417 


* By radiofrequency technique. 


Colour Reactions of Alizarin Complexan.—Alizarin complexan, H,I, has four ionisable 
protons, the removal of which produces changes in the resonant system of the molecule. These 
changes are reflected in the absorption spectra [Fig. 1(4) and (B)]: the yellow form of alizarin 
complexan, Amax, 423 my, predominates at pH < 5, but at pH > 6 the intensity of this band 

* K6rbl and Pfibil, Chem. and Ind., 1957, 233. 

* K6érbl, Coll. Czech. Chem. Comm., 1957, 22, 1789. 

* Cf. Blaedel and Petitjean in Berl’s ‘‘ Physical Methods in Chemical Analysis,’”” Academic Press 
Inc., New York, Vol. III, 1956, pp. 107 e¢ seq. 

7 Dowdall, Sinkinson, and Stretch, Analyst, 1955, 80, 491. 
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falls off and that characteristic of the next higher ionisation form, Amax, 520 mu, develops 
progressively so that the solution develops a red colour over the range 6—10. Beyond this 
point, the smooth shape of the absorption band is lost and at pH 11-5—12-4 the characteristic 
fine structure of the spectrum of the fully ionised molecule, pH > 13, begins to emerge. Al- 
though the absorption was not traced as far back as desirable into the ultraviolet region it is 


Fic. 1. pH-absorption curves for alizarin complexan (9-63 yg./ml.). 
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(A) 8nN-H,SO, to pH 7. (B) pH 7 to 13-0. 


apparent that the curves between pH 0 and 7 exhibit two well-defined isosbestic points at 
370 and 452 my, indicating a simple equilibrium between the indicator forms H,I, H,I~, and 
H,I? (where I = the complex ion). The complications introduced by hydrogen bonding 
between the 1-hydroxyl group and the 9-carbonyl group, and that between the 2-hydroxyl 
group and the ammonium-nitrogen atom attached make subsequent interpretation difficult 
though it appears that the next resonant form to appear is the fully deprotonated species, as 
illustrated. 


oH. 
Oo oO So Ce 
OH " o- 
+,CH2°CO, ,CH2°CO,~ 
CH2-NH CH,-N 
fe) CH,-CO,- _.H “ fe) “CH,-CO,~ 
Yellow (@) FY Blue 2 2 


Oo 

H,I~ NN On, a 

pH 4-3 CH, we C2 C02” pH > 13 
O 


™ CH,-CO,~ 
Red, H,I?>5 pH 6— 10 


When the reagent is buffered in the region pH 4-3—4-6 (H,I~; yellow form), it reacts with 
many ions, e.g., Al, Cd, Ce(111), rare earths, Co(11), Cu(m), Fe(11), Hg(m), In, Ga, La, Mn(11), 
Ni, Pb, Th, Ti(1m and 1v), Zn, and Zr, to form red products. In alkaline solution, with the 
reagent buffered in the pH region 210 (H,I*~; red form), purple-blue chelates are formed in 
solution with ions such as Ca, Ba, Sr, Cd, Ni, Mg, Mn(u1). In both pH regions chelation produces 
a bathochromic shift of the .wavelength of maximum absorption, typical of the next higher 
ionisation form of the metal-free reagent, and for further assessment the absorption spectra of 
four chelates were examined in detail: nickel, which does not react with the quinone-hydroxyl 
system of 1,2-hydroxyanthraquinone under the experimental conditions; lead and cerium, 
as bi- and ter-valent metals which were expected to form stable chelates; and thorium as a 
convenient quadrivalent, octaco-erdinate ion. The spectra obtained (see Fig. 2) show that 
chelation results in a shift of the wavelength of maximum absorption (490—510 my) towards 
that of the H,I* form of the indicator and that the shapes of the curves are closely similar to 
each other and to those of the metal-free reagent in the pH range 7—10 where Amax varies 
from 510 to 520 mu. 
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Job’s method of continuous variations * was then applied. This (cf. Fig. 3) revealed that 
nickel, cerium(111), and lead form stable 1: 1 chelates with the reagent, whereas thorium forms 
a chelate in which there are two molecules of alizarin complexan per thorium ion. Since the 
sharpness of these curves at their maxima is a measure of the stability, the order of stability 
is Th > Ni > Ce > Pb. This is borne out by the chemical reactivities: of the four, only the 
lead chelate is broken down by a strong chelating agent such as EDTA at ordinary temperatures; 
the nickel chelate slowly and only at pH > 7. 

Similarly, at pH 4-3 in cold solution, the chelates of alizarin complexan with the following 
metals, are not broken down by a moderate excess of EDTA: Al, In, Ga, La, Ce(111), Sc, Th, 
Ti(ur and tv), and Zr, though the chelates of the first two, like that of nickel, are broken down 
on warming. The other di(carboxymethyl)aminomethylhydroxyanthraquinones behave 


Fic. 2. Absorption spectra of alizarin complexan 
chelates of (1) Pb**, (2) Th**, (3) Ni®*, and (4) 
Ce%*, Broken lines indicate spectra of the metal- 
free indicator at (5) pH 4-3 and (6) pH 7-0. 
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Fic. 3. Job plots for alizarin complexan chelates with (a) Ce** and (b) Th*t. Broken lines are 
corrected curves. 
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) 1-11: 1 and (b) 2: 1 alizarin complexan-metal ratio. Measurements at 495 mp and (a) pH 4:3, (b) pH 
4:1. nm = mil. of 5 x 10-‘-alizarin complexan solution added to (20 — n) ml. of 5 x 10-*m-metal solution. 


similarly with the cations mentioned, except that the indium chelate of alizarin bordeaux 
complexan is readily attacked by EDTA and so can be used as a complexometric indicator for 
indiam. 1,2-Dihydroxyanthraquinone-3-sulphonic acid (alizarin S) yields red chelates with 
Al, Ce(1m), La, In, Sc, Th, and Zr at pH 4-3, but these chelates are much more readily 
broken down by EDTA or fluoride. Zinc and nickel did not form coloured products with this 
reagent. 

DIscussION 


Nature of the Metal Chelates.—These results reveal that the chelates formed by alizarin 
complexan are considerably more stable than those formed by alizarin itself, obviously 
owing to the more powerfully chelating complexan group in the substituted reagent. It 


8 Job, Ann. Chim. (France), 1928, 9, 113. , 
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js obvious that the complexan group is of prime importance in the reagent since metal 
jons which do not form complexes with the parent hydroxyanthraquinone react well with 
the complexan-substituted reagent, e.g., zinc, cobalt, nickel, etc. 
H It is not possible for mononuclear chelates to be formed 
o ‘o Pica foi in which the complexan and the 9-carbonyl and the 1- 
0” 1°O hydroxyl group co-ordinate with the cation, so there can be 
5§e o¢ co little doubt but that, with hexaco-ordinate ions, chelation 
HC. 1 CH: occurs as shown through the two acetic acid groups, the 
fe) Cha —N 2-hydroxyl group, and the nitrogen atom. 
Typical metal chelate of alizarin This attack on the 2-hydroxyl group would explain the 
complexan close similarity between the absorption spectra of the 
chelate and the H,I? (pH 7) form of the metal-free reagent. The failure of Agax, for 
the chelates to attain the full 510—520 my position corresponding to H,I?~ may be 
attributed, at least in part, to the nature of the metal-oxygen bond. The more ionic 
the latter the less interference should be caused with the resonant system of the alizarin 
part of the molecule, and consequently the nearer the approach of Amax. for the chelate to 
Amax. for H,I?~. 

Most of the cations that react with alizarin complexan are hexaco-ordinate, but a few 
can only be tetraco-ordinate, e.g., mercury(I) and zinc (normally regarded as of tetra- 
hedral disposition), and copper(II) (square co-planar). It is certainly impossible for the 
copper to co-ordinate with the 2-hydroxyl group as well as with the complexan centre, 
and it may well be that here the colour reaction is caused by a chelation-induced electron- 
deficiency on the nitrogen atom transferred, to a certain extent, to the vicinal phenolic 
group, thus weakening the oxygen—hydrogen bond of the latter and causing deprotonation 
even at pH 4-3—4-6 where normally the H,I~ form is stable.® This idea is supported by 
an observation that copper(11), in dilute solution, produces a red shade that is brighter 
than that from most other ions. This colour closely approaches that of the metal-free 
indicator at pH 6—10 (7.e., the metal ion in this instance causes little interference with 
the resonant system of the anthraquinone nucleus); equally, in this case an end-point 
is obtained very easily in complexometric titration with EDTA. Most copper-ion indic- 
ators react sluggishly because of their stability. 

Stuart and Briegleb * atomic models show that it is possible for a binuclear, 7.e., 2: 2 
metal-reagent, chelate to be formed with hexaco-ordinate metals. In such a molecule 
each metal ion may be bound through the nitrogen atom, the acetic acid groups, and the 
2-hydroxyl group of one alizarin complexan molecule and through the Il-hydroxyl and 
possibly the 9-carbonyl group of the other molecule. This yields a sterically crowded 
structure in which the metal ion may be fully co-ordinated by the reagent, with complete 
elimination of the water molecules normally associated with the cation. Certain diffi- 
culties are, however, associated with this model. Thus, (a) one would expect the fully 
co-ordinated and unsolvated metal-chelate compound to distribute well into water- 
immiscible solvents, a behaviour not observed in practice; (5) since both the hydroxyl 
groups are involved one would expect the colour produced to be characteristic of the fully 
de-protonated form of the reagent (I*-) rather than of H,I?-; (c) ions such as copper(t1) 
nickel, and zinc, which do not form coloured chelates with alizarin itself, still yield charac- 
teristic red colours with alizarin complexan. 

A 2:1 chelate is formed between alizarin complexan and thorium to which we attribute 
the structure shown, since thorium adopts an octaco-ordinate configuration. 

Complex Formation of Chelates with Fluoride Ion.—The remarkable stability of the 
alizarin complexan chelates of aluminium, cerium(111), thorium, and zirconium against attack 
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* Supplied by Leybold Nachfolger, Kéin-Bayental, Germany. 


* West, ‘‘ Recent Developments in Inorganic and Organic Analytical Chemistry,”’ Roy. Inst. Chem. 
Monograph, 1959, p. 21. 
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by strong complexing agents such as EDTA suggested the use of the compound as a 
chromogenic reagent for their determination in the presence of other metals which could 
be masked by EDTA. The effect of fluoride ion was first examined, since it also forms 
strong complexes with these metals. All chelates proved to be resistant to break-down 
by proportionate amounts of fluoride, but an unexpected blue colour was formed with 
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the cerium(tt!) chelate. The absorption spectrum of this solution is compared in Fig. 4 
with those of alizarin complexan, the cerium(111)-reagent chelate (all at pH 4-3), and the 
alizarin complexan at pH 12-4. The wavelength of maximum absorption of the blue 
fluoride chelate is 567 my, which agrees well with that of the metal-free reagent at pH 
12-4, and the shape of the curve is similar though the shoulder at 610 my is less well 
developed. The nature of this new fluoride complex was investigated by a continuous 
variations procedure between the 1 : 1 cerium(11)-alizarin complexan chelate and fluoride 
ion from which (cf. Fig. 5) it was concluded that a 1: 1 complex is formed. Adding one 
molar proportion of fluoride ion to a solution of the 1:1 cerium(111) chelate produces 
maximum colour at 567 my; adding a second molar proportion has no further effect, 
hypso- or hyper-chromic. A large excess of fluoride not only breaks down any existing 
triple complex but also causes precipitation of cerium(111) as its insoluble fluoride, so that 
such a system shows only the yellow colour of the metal-free reagent. 

On this basis we conclude that the fluoride ion displaces one of the co-ordinated 
water molecules remaining on the cerium(II1) atom; also that the entry of the fluoride 
ion within the co-ordination sphere of the cerium(III1) ion causes deprotonation of 
the remaining I-hydroxyl group. The latter result may be explained on the basis 
that the strong electrophilic effect of the fluoride ion causes withdrawal of electrons from 
the aromatic ring, with marked deficiency on position 1. Calvin 


oH syle et al. have postulated a resonance effect in copper acetyvlacetone 

.. oy and Kimball," Pauling,’ and others have discussed the possibility 

> of metal—ligand double bonds; the resonance effect is also known 
CH, >N* in other systems, ¢.g., ferrous tris-o-phenanthroline.'* On this 


basis, if one attributes a partial double-bond character to the 
cerium(II1)—2-oxygen bond, then deprotonation of the 1-hydroxyl group is readily explained 
as in the annexed diagram. 

Since there appears to be no steric factor involved, we conclude that the specificity of 
the fluoride action is due to the unusually strong electrophilic properties of this atom. 
The nature of the metal ion is, however, also important, for it was found that all the other 
rare-earth metals examined (La, Pr, Sm, Sc, Y, Gd, Dy, Er, Yb) formed red chelates with 
the reagent, but only lanthanum and praseodymium reacted further with fluoride to form 
similar blue complexes. It is interesting that the only three elements to give this reaction 
are those of atomic number 57, 58, 59: entry of the first 5d-electron in element 57 starts 
the filling of the 4/-level and thus produces the inner transition series of the lanthanons. 


Calvin and Wilson, J. Amer. Chem. Soc., 1945, 67, 2003; Calvin and Bailes, ibid., 1946, 68, 949. 

1 Kimball, J. Chem. Phys., 1940, 8, 188. 

12 Pauling, ‘‘ The Nature of the Chemical Bond,” Cornell Univ. Press, New York, 1939. 

‘8 Morrison and Freiser, ‘‘ Solvent Extraction in Analytical Chemistry,” Wiley and Sons, Inc., 
New York, 1957, p. 29; Keller and Parry in Bailar’s ‘‘ Chemistry of the Co-ordination Compounds,” 
Reinhold, New York, 1956, p. 189. . 
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It is also noteworthy that elements 57—62 are those which readily form fluorides when 
their oxides are heated with chlorine trifluoride. The intermediate lanthanons, 63—68, 
form fluorides less readily, and the higher members do not do so at all. The shapes of the 
absorption curves of the lanthanum and the praseodymium fluoride complex were similar 
to that obtained with cerium(I1!) (Amax, 565 and 563 my respectively), but the effect was 
not so pronounced; samarium showed a consistently reproducible shift (<10 my), towards 
longer wavelengths, but of the other metals examined only zirconium showed a slight 
activity towards fluoride ion. It should be added that, though the thorium chelate showed 
no change in Amax, on addition of fluoride, there was a definite hyperchromic effect. 

We were unfortunately unable to examine elements 60 and 61, but since samarium 
(no. 62) showed slight activity it is probable that neodymium and promethium would show 
intermediate action. Examination of absorption spectra produced in this way may prove 
useful in identifying this group of rare-earth elements. Whilst we used the purest forms 


Fic.4. Absorption curves for (1) alizarin com- 
plexan, (2) alizarin complexan-—cerium(t11), 
and (3) alizarin complexan—cerium(t11)— 
fluoride, all at 4-3, and (4) alizarin com- 
plexan at pH 12-4. 


Fic. 5. Job plot for alizarin complexan-— 
cerium(t11)—fluoride complex at pH 4-6 and 
567 mp. The broken line is the corrected curve. 
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of lanthanum and praseodymium available (‘‘ Spec. Pure,”” Johnson & Matthey) these may 
well contain some cerium(I1I), but not sufficient to account alone for the high extinction 
observed. 

All the other di(carboxymethyl)aminomethyl-hydroxyanthraquinones previously syn- 
thesised show a similar action with cerium(t11) and fluoride, but the alizarin complexan 
system provides optimum conditions for detecting and determining fluoride. The form- 
ation of the blue complex provides an apparently specific spot test for fluoride ion, with a 
sensitivity of 0-2 yg. at a dilution limit of 1 in 1,800,000; experimental details of this 
procedure have been described elsewhere.® 

Spectrophotometric Determination of Fluoride Ion.—From Fig. 4 it will be seen that 
there is good separation between the absorption curves for the cerium(111) chelate and the 
fluoride complex between 560 and 640 my. Measurements of optical density showed that 
maximum divergence occurred at 610 mp, and consequently this wavelength was adopted 
for further measurements. The effect of pH value was not studied extensively since at 
pH 4:3, where the yellow-to-red transition of the metal-free reagent just begins, the 
results were entirely satisfactory. Equilibrium development of colour is obtained with 
the control [7.e., formation of the cerium(11) chelate] within 1} hr., and with the fluoride 
complex within 1 hour, and both colours are constant for several hours thereafter. The 
order of addition of reagents has an important bearing on the speed of formation of the 
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complex: best results are obtained when the alizarin complexan and buffer are added 
before the cerium(i1). It is also important not to add a large excess of the acetate buffer: 
the concentration of the latter should be kept constant. 

Although we have no evidence to suggest photochemical instability of the reagent or 
complex, solutions were stored as a precaution in diffuse daylight during the development 
of colour. In other respects normal laboratory conditions obtained during the examin- 
ation, ¢.g., no attention was paid to temperature control. A standard procedure was 
developed for amounts of fluoride from 5 to 30 yg. in which range Beer’s law is obeyed. 
The standard curve was constructed by taking aliquot parts of a standard solution of 
pure sodium fluoride. A measure of the precision of the procedure was obtained by 
analysing 23 consecutive ‘‘ unknown ”’ samples of sodium fluoride weighed on a submicro- 
balance; the standard deviation was only +0-27%. The standard solution of alizarin 
complexan is stable for at least one year (7.e., no significant deviation was observed of the 
absorbance of known weights of fluoride). The reagent solutions, namely, alizarin com- 
plexan, cerium(II1) nitrate and buffer, should however be filtered periodically. The effect 
of other anions and of several cations on the course of colour development by fluoride ion 
has been noted previously.* 

Spectrophotometric Determination of Cerium(11) in Presence of Thoritum.—Alizarin 
complexan may well have application as a chromogenic reagent for spectrophotometric 
determination of Ce(t11), Th, Ga, La, and Sc in the presence of other metals such as Fe(m), 
Mn(11), Hg(11), Ni, Pb, etc., all of which can be masked by EDTA against chelate formation 
with the reagent. The characteristic action of the cerium(Im) and lanthanum chelates 
of alizarin complexan with fluoride ion suggests the further possibility of determining these 
two metals in the presence of all other metals which do not participate in such a reaction. 
As a test case, an experiment was designed for the determination of cerium(im) in the 
presence of thorium. 

The separation between Amax. for the thorium ‘chelate and the cerium(II1)—reagent- 
fluoride complex in ca. 70 my, and the separation between the Amax, Values for the thorium 
chelate and the reagent at pH 4-3 are also ca. 70 my. There is, however, considerable 
overlap between the three absorption bands, which is particularly marked at the thorium 
wavelengths; consequently absorption measurements were made at all three wavelengths 
of maximum absorption and the data thus obtained were used to solve the equation for 
the three-colour method thus involved: 


ETotal = ¢RCR + eXCX + eXYCY 


where e* denotes the extinction coefficient of the reagent at the wavelength used, C® denotes 
the concentration of free reagent, etc., and X and Y denote functions of the cerium(t1)- 
reagent—fluoride complex and of thorium respectively. The results provide semiquantit- 
ative analysis of a cerium-thorium mixture though the accuracy is not sufficient for a 
reliable analytical procedure. This criticism appears to be generally applicable to most 
multi-colour methods, and in this case considerable interaction between the three species 
is suspected. Nevertheless, it is felt that this particular system is sufficiently promising 
and important to justify further investigation. 

Extraction of Cerium(111)-Alizarin Complexan—Fluoride Complex.—Attempts were made 
to extract the metal chelates of alizarin complexan into water-immiscible solvents without 
success. This suggests that the binuclear model of chelate formation, with its fully reagent- 
co-ordinated metal ion, is improbable. However, the fluoride complex of cerium(lII)- 
alizarin complexan distributes well from aqueous solution into a solvent system such as 
pentyl alcohol containing tributylamine. The presence of the amine appears to be essential 
for salt formation and/or replacement of the remaining water molecule co-ordinated to the 
cerium atom in the fluoride complex. Since the cerium(11) chelate itself is not extracted 
into the organic phase under these conditions, this procedure provides a valuable means 
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of concentrating and separating the fluoride complex from reagent and other metal chelates. 
Consequently considerable enhancement of sensitivity and range of application may 
result. Further, this procedure should obviate the need for a three-colour method for 
resolving cerium and thorium, etc. 


EXPERIMENTAL 


Apparatus.—A Unicam 5.P. 600 spectrophotometer with 4 cm. cuvettes was operated from 
a 12v heavy-duty accumulator. 

Reagents.—5 x 10“%M-Alizarin complexan. Alizarin complexan (Hopkin & Williams, 
Freshwater Road, Chadwell Heath, Essex) (192-5 mg.) was suspended in water and dissolved 
by addition of the minimum amount of freshly prepared sodium hydroxide solution. 
“AnalaR ” sodium acetate trihydrate (250 mg.) was added and the pH of the solution adjusted 
to 5 by dilute hydrochloric acid. The solution was then diluted to 1 1., and was stored away 
from strong sunlight. 

5 x 10‘%m-Cerium(111) nitrate. A stock solution of pure cerium(t11) nitrate was standardised 
against 0-02M-EDTA with Xylenol Orange as indicator, and an aliquot part was diluted to 
provide exactly 5 x 10 ‘m-reagent. 

pH 4:3 Buffer. This contained sodium acetate trihydrate (105 g.) in glacial acetic acid 
(100 ml.), diluted to 1 1. with glass-distilled or de-ionised water. 

Standard fluoride solution (5 wg./ml.). B.D.H. extra-pure sodium fluoride (221 mg.) was 
dissolved and diluted to 11., to furnish a standard solution of 100 yg./m1.; 50-00 ml. of this solution 
were diluted to exactly one |. with distilled water (see above) and transferred immediately to a 
Polythene bottle for storage. 

Preparation of Standard Curve (Confirmation of Lambert—Beer Law).—A known volume 
(1—10 ml.) of the standard fluoride solution was transferred to a 100 ml. graduated flask 
containing ca. 50 ml. of glass-distilled or de-ionised water. 10 ml. of 5 x 10 M-alizarin 
complexan were then pipetted into the flask, and similarly 2-0 ml. of pH 4-3 buffer. The 
whole was mixed and 10 ml. of 5 x 10“ M-cerium(11) nitrate were pipetted into it with constant 
swirling. ‘The volume was then made up to 100 ml. and the solution was set aside for 1 hr. in 
diffuse daylight to allow the colour system to reach equilibrium. A control solution was 
prepared similar with omission of the fluoride test solution; since equilibrium colour develop- 
ment takes longer in this case, it was prepared first and left for at least 2 hr. before use. Mean- 
while, the spectrophotometer was switched to ‘‘ dark-current ’’ and allowed to stand for 3 hr. 
with the lamp switched on for the last hour, before measurements were made against the 
control at 610 my. The standard graph of optical density against amounts of fluoride was 
prepared in the usual way. It is important to add the cerium(111) solution after the alizarin 
complexan reagent and to maintain the two in a 1: 1 ratio. 

Analysis of Fluoride Solutions.—5—50 yg. of fluoride were used in each determination. 

Spectrophotometric Determination of Metal Ions: Determination of Thorium.—Spectrophoto- 
metric determination of Al, Cd, Co, Cu, Fe, Hg, In, La, Mn, Ni, Pb, Th, Ti, Zr, Ga, and Ce(111) 
is possible by our reagent. Details are given below for thorium. Variation in time of develop- 
ment, buffering of solution, etc., may be necessary for other metals; e.g., thorium, zirconium, 
and titanium require a larger excess of reagent because 2: 1 reagent—metal chelates are probably 
formed. Optical density should be measured at the wavelength most suitable for each case. 

Reagents. (i) Thorium nitrate, 4-31 x 10m (100 yg. per ml. of solution). This was prepared 
by dilution of 0-02m-thorium nitrate previously standardised against EDTA with Xylenol 
Orange as indicator at pH ~ 3. 

(ii) Alizarin complexan, 4:31 x 10™M. 

(iii) pH 3 buffer was potassium hydrogen phthalate (10-21 g.) in 5n-hydrochloric acid 
(4-08 ml.), diluted to 1 1. 

Method. An aliquot part (0—5 ml.) of thorium nitrate solution was pipetted into a 100 ml. 
graduated flask and 4-31 x 10-M alizarin complexan (50 ml.) was added, followed by the buffer 
(20 ml.). The whole was mixed, diluted to 100 ml., and left for 30 min. Then the absorption 
of the test solution was measured against that of the control at 520 mp. The calibration curve 
(0—600 ug.) was a straight line which passes through the origin. 

Simultaneous Estimation of Cerium(111) and Thorium.—Since the three-colour method for 
thorium and cerium by means of alizarin complexan and fluoride was only semiquantitative 
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no details are given here except that moderate excesses of alizarin complexan and fluoride were 
added in that order to the cerium(1t1)-thorium solution. Measurements of optical density 
were made at 420, 495, and 567 mu. 


One of us (M. A. L.) thanks the D.S.1.R. fora researchgrant. We are also grateful to Professor 
R. Belcher for his interest and to Dr. A. R. Katritzky (University of Cambridge) for suggesting 
the possibility of binuclear chelate formation for the fluoride complex. 
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867. Organic Sulphur Compounds. Part III... The Reaction of 
Sulphenyl Chlorides with Ketones. 


By J. A. Barttrop and K. J. MorRGAN. 


Satisfactory conditions for the condensation of arenesulpheny] chlorides 
with ketones are established. Derivatives of ketones with o-nitro- and 
2,4-dinitro-benzenesulphenyl chlorides are prepared and their structures 
established. 


THE formation of «-(arylthio)-ketones (I) by condensation of sulphenyl chlorides and 
ketones, first noted by Zincke,? was subsequently shown *4 to be general for aromatic sul- 
phenyl chlorides. Analogous reactions are given by sulpheny] thiocyanates,® acetates,* and 
thiolsulphonates ? but sulphenyl bromides lead only to the bromo-ketones. Aldehydes 
are oxidised by sulphenyl chlorides. The present work was designed to establish 
satisfactory conditions for the reaction of sulphenyl chlorides with ketones and to determine 
the scope of the reaction and the nature of its products. 


(I) ArS*CRR”“COR” o-NOSCyHy’S*CHy°COPh (IT) 


A preliminary investigation of the formation of w-(o-nitrophenylthio)acetophenone 
(Il) showed that an equimolar mixture of o-nitrobenzenesulphenyl chloride and aceto- 
phenone gave a yield of 66% after five hours’ boiling in ethylene dichloride; longer heating 
gave no increase in yield and gave a less pure product. Equally high yields were obtained 
after shorter reaction times by using either an excess of acetophenone or a more polar 
solvent. Of the solvents employed, acetonitrile proved to be the most effective. The 
reaction was catalysed by zinc chloride, possibly through the formation of ArS* ZnCl,~, or 
possibly by promoting enolisation of the ketone; other chlorides show a retarding, common- 
ion effect, and acetates exert strong negative catalysis, probably through the formation 
of the less reactive sulphenyl acetates.® 

HO-N 
ArS*CRR’—C-R” —te ArS‘CRR“CO'NHR” —p> ArS*CRR“CO,H -++ NH,R” 
(III) (IV) 
1% 
ArS*CRR’—C-R” —> ArS*CRR"NH*COR” ——t RR’CO + ArSH + NH, + R”*CO,H 
(V) 





1 Part II, Barltrop and Morgan, J., 1957, 3072. 

2 Zincke, Ber., 1911, 44, 769. 

3 Zincke and Baeumer, Annalen, 1918, 416, 86. 

* Zincke and Farr, Annalen, 1912, 391, 57; Zincke and Dahm, Ber., 1912, 45, 3457; Zincke and 
Kruger, Ber., 1912, 45, 3468; Zincke and Lenhardt, Annalen, 1913, 400, 2; Zincke and Rose, ibid., 
1914, 406, 103; Zincke and Eismeyer, Ber., 1918, 51, 751; Ries and Schurman, Ber., 1919, 52, 2170. 

5 Kharasch, Wehrmeister, and Tigerman, ]. Amer. Chem. Soc., 1947, 69, 1612. 
® Havlik and Kharasch, /. Amer. Chem. Soc., 1956, 78, 1207. 
? Chivers and Smiles, J., 1928, 697. 
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The reaction of o-nitro- and 2,4-dinitro-benzenesulphenyl chloride with a variety of 
dry ketones, in solution in acetonitrile or in an excess of ketone, gave good yields of the 
highly crystalline derivatives. 1,3-Dicarbonyl compounds gave quantitative yields of 
the monosubstitution products, but, unlike Zincke and Baeumer,? we found that 
considerably lower yields were obtained from the cupric complexes of these compounds. 

The carbonyl group in the «-(arylthio)-ketones retains its normal characteristics: bands 
in the infrared spectra due to the carbonyl stretching vibration appear at values close to 
those of the parent ketones, and oximes and dinitrophenylhydrazones could be prepared 
by standard methods. Oxidation of w-(o-nitrophenylthio)acetophenone (II) with hydrogen 
peroxide and acetic acid gave a colourless sulphone, although the closely related compound 
(4-chloro-2-nitrophenylthio)acetone is reported * to be oxidisable only to the sulphoxide 
under these conditions. The complex action of alkali on the «-(arylthio)-ketone (II) has 
been described elsewhere.® 

Zincke and Baeumer * showed by synthesis that substitution by the sulphur grouping 
takes place on the a-carbon atom. In the case of an unsymmetrical ketone two such 
non-equivalent sites are available and it is necessary to distinguish between the two 
possible isomers. Since the product is usually homogeneous (but see below), the problem 
is reduced to the determination of its structure. The «-(arylthio)-ketone was converted 
into an oxime which was allowed to rearrange under the influence of phosphorus penta- 
chloride (cf. ref. 9). The two possible condensation products from each ketone can each 
give rise to two geometrically isomeric oximes, each of which on rearrangement leads to a 
different amide. Hydrolysis of the amide gives a mixture either of an arylthio-carboxylic 
acid and an amine; or of a carbonyl compound, a carboxylic acid, a thiophenol, and 
ammonia (see reaction scheme). The assignment of any one of these hydrolysis products 
to its chemical class gives the geometry of the oxime; their identification leads to the 
structure of the «-(arylthio)-ketone. 

w-(o-Nitrophenylthio)acetophenone (II) was taken as a model. The oxime rearranged 
to a crystalline amide which was hydrolysed giving aniline and (e-nitrophenylthio)acetic 
acid (IV; R = R’ = H, Ar = o-NO,°C,H,). The oxime is clearly the syn-isomer (III; 
R = R’ = H, R” = Ph, Ar = 0-NO,°C,H,). 

Rearrangement of the oxime from the product of the reaction between isopropyl 
methyl ketone and o-nitrobenzenesulphenyl chloride gave an amide so unstable that all 
attempts to characterise it led only to di-(o-nitrophenyl) disulphide. The crude product 
was hydrolysed directly, giving a steam-volatile fraction which contained o-nitrobenzene- 
thiol and acetone; formaldehyde was not detected. The involatile residue contained 
ammonia (as ammonium sulphate) and di-(o-nitrophenyl) disulphide. The oxime is 
accordingly the anti-isomer (V; R= R’=R”=Me, Ar = o0-NO,°C,H,). Similar 
treatment of the oximes derived from the condensation products of ethyl methyl ketone 
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N°OH N°OH 


| 
(VI) 0-NO4*CgH,’S*CHMe—C—Me o-NO4*CgHy'S*CH,-C-CHy°CH, (VII) 


with both o-nitro- and 2,4-dinitro-benzenesulphenyl chlorides and from isopropyl methyl 
ketone with 2,4-dinitrobenzenesulphenyl chloride showed that they have analogous 
structures. In each case stibstitution by the sulphide group has occurred preferentially 
on the more heavily substituted carbon atom despite the obvious steric restraint; small 
amounts of the isomeric «-(arylthio)-ketones may well also be formed initially and 
eliminated during purification of the product (see below). A similar orientation has been 
demonstrated for the acid-catalysed bromination of ketones 1 but in the absence of more 


* Morgan, J., 1959, 3502. 

® Vinkler and Authereid, Acta Univ. Szeged, Chem. et Phys., 1946, 2, 50, 105. 

” Catch, Elliot, Hey, and Jones, J., 1948, 272; Catch, Hey, Jones, and Wilson, ibid., p. 276; Card- 
well and Kilner, J., 1951, 2430. 
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detailed information it is not possible to say whether the sulphenyl chloride reaction 
conforms to a similar mechanism, #.¢., is controlled kinetically by enolisation of the ketone, 

During the preparation of 3-(0-nitrophenylthio)butan-2-one oxime (VI) there was 
isolated a small amount of an isomeric substance. The infrared spectra of the isomers 
(in CS,) are closely similar except for a band at 756 cm. found in the spectrum of the 
high-melting isomer but not in that of the main fraction. This band may be assigned toa 
methylene rocking frequency, suggesting that the less abundant isomer has the 
structure (VII). 


EXPERIMENTAL 


Reagents.—o-Nitrobenzenesulphenyl chloride' was prepared from the disulphide; 
2,4-dinitrobenzenesulphenyl chloride was prepared similarly..* Ketones were dried by 
fractional distillation. 

Formation of w-(o-Nitrophenylthio)acetophenone.—(A) A solution of acetophenone (0-6 g,, 
5 mmoles) in ethylene chloride (10 c.c.) was boiled with o-nitrobenzenesulpheny] chloride (1-0 g,, 
1 equiv.) for 2} hr., giving the a-(arylthio)-ketone (0-8 g., 44%) [2,4-dinitrophenylhydrazone, m. p. 
203° (Found: C, 52-8; H, 3-2. C, 9H,,;N,O,S requires C, 53-2; H, 3-3%); sulphone, m. p. 132° 
(Found: C, 54-6; H, 3-4. C,,H,,NO,S requires C, 55-1; H, 3-6%)]. The yield was raised to 
66% by prolonging the reaction time to 5 hr. Higher yields were obtained after 24 hr. by use 
of excess of acetophenone (2 equiv., 66%; 5 equiv., 88%). 

(B) Similar equimolar solutions of the reagents (5 mmoles) in different solvents (10 c.c.) were 
boiled for 2} hr., giving the following yields of sulphide: ether, 22%; tetrahydrofuran, 52%; 
acetonitrile, 58%. The reaction in acetonitrile was complete (60%) after } hr. 

(C) To an equimolar solution of the reagents (5 mmoles) in ethylene chloride (10 c.c.), an 
excess of a salt was added and the mixture was boiled for 2} hr., giving the following yields of 
sulphide: lithium chloride, 41%; lithium bromide, 49%; potassium chloride, 41%; potassium 
bromide, 47%; lithium acetate, 25%; sodium acetate, 25%; potassium hydrogen carbonate, 
49%,; potassium carbonate, 38%; lithium sulphate, 38%; calcium chloride, 25%; calcium 
sulphate, 30%; calcium phosphate, 22%; triethylamine, 19%; cupric sulphate, 14%. The 
addition of lithium chloride gave a particularly clean product. A similar solution in ether 
(10 c.c.) containing zinc chloride (1 g.) gave sulphide (55%) after 1 hr. 

Preparation of «-(Arylthio)-ketones.—Sulphenyl1 chloride (1 g.) was heated either with an 
excess of ketone for 5 hr. or with a solution of ketone (2 g.) in acetonitrile (10 c.c.) for 2} hr. 
The solution was concentrated im vacuo and the residue was crystallised from methanol or 
acetonitrile. The derivatives so prepared are listed in the Table. 

Reaction of Ethyl Methyl Ketone with o-Nitrobenzenesulphenyl Chloride.—The sulpheny] chloride 
(5 g.) in the ketone (10 c.c.) was heated for 90 min., giving an oil which, in aqueous ethanol, 
was converted into the oximeintheusualway. The product crystallised slowly to give 3-(o-nitro- 
phenylthio)butan-2-one oxime, m. p. 87—88° (from aqueous ethanol). Addition of water to the 
mother-liquors precipitated a sticky solid, from which was isolated a small amount of an 
isomeric oxime, m. p. 135—136° (from methanol) (Found: C, 50-1; H, 5-0; N, 11-7; S, 13-6. 
Cy9H,.N,0,5 requires C, 50-0; H, 5-0; N, 11-7; S, 13-3%). A mixture of the two oximes had 
m. p. 79—98°. 

Degradation of the Oximes.—(A) Phosphorus pentachioride (500 mg.) was added in small 
amounts during 30 min. to a solution of w-(0-nitrophenylthio)acetophenone oxime (350 mg.) in 
ethylene chloride (10 c.c.). Evaporation of the solvent left (0-nitrophenylthio)acetanilide, m. p. 
153—154°, golden plates (from acetonitrile) (Found: C, 57-9; H, 4:1. C,,H,.N,0,S requires 
C, 58-3; H, 42%). A solution of the anilide (200 mg.) in methanol (8 c.c.) was boiled under 
reflux for 2} hr. with hydrochloric acid (4 c.c.). Addition of water to the cooled solution 
precipitated (o-nitrophenylthio)acetic acid, m. p. 154—155° (Found: C, 45:1; H, 3-1. Cale. 
for C,H,NO,S: C, 45-1; H, 3-3%). The mother-liquor was washed with benzene (3 x 50 c.c.), 
made alkaline, and distilled. The aqueous distillate was acidified and treated with bromine 
water, giving a copious precipitate of tribromoaniline, m. p. and mixed m. p. 117°5°. 


1 Org. Synth., Coll. Vol. I, 1941, p. 220. 
12 Org. Synth., Coll. Vol. II, 1943, p. 453. 
* Billman, Garrison, Anderson, and Wolnak, J. Amer. Chem. Soc., 1941, 68, 1920. 
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Found (%) 





Compound M. p. Formula Cc H Cc H 
o-Nitrophenylthiopropan-2-one ..............seeeees 81° 
” a OD vicvincecces 94—95 CyH,)N,O,5 474 45 478 44 
3-(o-Nitrophenylthio)butan-2-one .................. 
ae - et Ee 87—88 CypHy2N,0,5 49-9 4-9 50-0 5-0 
3-(2,4-Dinitrophenylthio)butan-2-one ..........0.46 92 CyHyyN,0O;S 44:7 38 444 37 
. 6 CEE ceiasccre 125 C,.H,,N,0O,S 42:0 39 421 3-9 
9-(2,4-Dinitrophenylthio)pentan-3-one ..............- 88 C,,H,;.N,0O,S 468 43 465 43 
3-(2,4-Dinitrophenylthio) pentan-2-one ...........+++. 75—76 CyHyN,O,S 467 44 465 43 
3-Methyl-3-(o-nitrophenylthio)butan-2-one ......... 74—75 C,,H,,NOS 554 54 55:2 55 
ra - ‘a oxime... 1544—155 C,,H,N,O,S 51-7 54 520 55 
3-(2,4-Dinitrophenylthio)-3-methylbutan-2-one ... 80—8] C\,HyN20;5 467 44 465 43 
os de a oxime 88 C,,H,3N,O,5 43:7 44 441 44 
4-Methyl-3-(o-nitrophenylthio)pentan-2-one ...... 73—74 CyH,,NO, 573 60 569 6-0 
3,3-Dimethyl-1-(o-nitrophenylthio)butane-2-one ... 70 C,,.H,,NO,S 569 57 569 6-0 
3,3-Dimethyl-1-(2,4-dinitrophenylthio)butan-2-one 135 CyH,N,O;,S 488 48 483 47 
» ” o oxime 172 C,.H,;,N,0,5 463 49 460 48 
2,4-Dimethyl-2-(2,4-dinitrophenylthio) pentan-2-one 90 C\3H,.N,O,S 50:1 51 500 5:2 
w-(o-Nitrophenylthio)acetophenone ............... 147 
- tu a oxime ...... 171-5 CyHyN,O,S 580 39 583 42 
2-(0-Nitrophenylthio)-1-phenylpropan-l-one ...... 80—81 C,,H,,NOS 6255 46 62:7 46 
3-(o-Nitrophenylthio) pentane-2,4-dione ............ 136—137 C,,H,,NO,S 52:2 45 62:2 44 
3-(2,4-Dinitrophenylthio) pentane-2,4-dione ......... 149—150 C,,H,N,O,S 442 35 443 3-4 
Me «a-(o-nitrophenylthio)acetoacetate — ......0+..00005 133—134 C,,H,,NO,S 49-1 41 491 41 
Et a-(o-nitrophenylthio)acetoacetate ...........0..0008 74—75 C,H,NO,S 506 45 509 46 


(B) An ice-cold solution of 3-methyl-3-(o-nitrophenylthio)butan-2-one oxime (1 g.) in dry ether 
(50 c.c.) was treated with phosphorus pentachloride (2-5 g.). After 1 hr. the solution was 
decanted and washed with ice-water (3 x 50c.c.). The dried ethereal solution yielded a yellow 
solid which, on crystallisation from ethanol, acetonitrile, or acetic acid, or by precipitation 
with methanol from a solution in cold chloroform, was found to be di-(o-nitropheny]) disulphide, 
m. p. 192°. 

(C) The same oxime (1 g.) as in (B) was rearranged as described in (B). The unwashed 
ethereal solution was evaporated. Dilute sulphuric acid was added to the residual oil and the 
mixture was distilled. The aqueous distillate carried o-nitrobenzenethiol, m. p. 53—54° 
(Found: C, 46-3; H, 3:2; N, 9-3; S, 20-8. Calc. for CgH;NO,S: C, 46-4; H, 3-2; N, 9-0; 
$, 20-7%). The distillate gave a negative test for formaldehyde with chromotropic acid; 
with 2,4-dinitrophenylhydrazine, acetone dinitrophenyihydrazone, m. p. 117—120°, was 
formed. This identity was confirmed chromatographically. The unvolatilised solution was 
filtered from a quantity of disulphide, made alkaline, and distilled: ammonia was evolved and 
detected by its action on Nessler’s solution and by the formation of ammonium platinichloride 
(Found: H, 1-7. Calc. for H,Cl,N,Pt: H, 1-:8%). 

(D) Similar treatment of 3-(2,4-dinitrophenylthio)-3-methylbutan-2-one oxime (350 mg.) led 
to the detection of acetone, 2,4-dinitrophenyl disulphide, m. p. 290°, from nitrobenzene— 
ethanol, and ammonia [as ammonium platinichloride (Found: H, 1-7%)]. Chromotropic acid 
gave a negative test for formaldehyde. 

(E) 3-(2,4-Dinitrophenylthio)butan-2-one oxime (1 g.) was treated similarly. The distillate 
from the acidic solution, which contained no formaldehyde, carried acetaldehyde [dimedone 
derivative, m. p. and mixed m. p. 137—-137-5°; 2,4-dinitrophenylhydrazone, m. p. and mixed 
m. p. 160° (Found: C, 42-8; H, 3-5. Calc. for CJH,N,O,: C, 42-9; H, 3-6%)]. The residue 
contained bis-2,4-dinitrophenyl disulphide and ammonia [platinichloride (Found: H, 2-0%%)]. 

(F) 3-(0-Nitrophenylthio)butan-2-one oxime (1 g., m. p. 87—-88°) was decomposed similarly. 
From the appropriate fractions there were isolated: o-nitrobenzenethiol, acetaldehyde, di-(o- 
nitrophenyl) disulphide, and ammonia. 


Dyson PERRINS LABORATORY, OXFORD UNIVERSITY. [Received, April \st, 1960.] 
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868. Reactions of Peroxides in NN-Dimethylformamide Solution. Part 
II.) The Decomposition of Benzoyl Peroxide in the Presence of 
Chloride Ions. 


By C. H. Bamrorp and E. F. T. Wuite. 


Benzoyl peroxide reacts rapidly with ionic chlorides in NN-dimethy]l- 
formamide or dichloroethane solution. The primary reaction is considered 
to be the nucleophilic displacement (1) forming benzoyl hypochlorite and 
benzoate. The hypochlorite may react further with chloride to give 
molecular chlorine and benzoate or may decompose homolytically into 
benzoyloxy-radicals and chlorine atoms. The former reaction is reversible, 
since it has been shown that chlorine reacts with lithium benzoate to give 
benzoyl hypochlorite as a yellow oil. Secondary reactions involving the 
solvents and the primary products are discussed. The implications of this 
work with respect to the mechanism of the Hunsdiecker reaction are 
considered briefly. Although free radicals are produced in some circum- 
stances, mixtures of benzoyl peroxide and chlorides are not initiators of vinyl 
polymerization. 


DuRING an investigation of vinyl polymerization in NN-dimethylformamide solution in 
the presence of salts a rapid reaction between benzoyl peroxide and ionic chlorides was 
noticed. For example, in the presence of 0-2m-lithium chloride at 60° the half-life of 
benzoyl peroxide is less than one minute, compared with 154 minutes in the absence of 
salt.1_ A reaction under these conditions is, of course, not unexpected since treatment with 
iodides in acetone solution is the basis of the estimation of peroxides. It seemed possible 
that the chloride—peroxide reaction might have analogies with the rapid decomposition of 
benzoyl peroxide sensitized by some tertiary amines ? and might be an effective source of 
free radicals for initiating vinyl polymerization. 

Edwards * and Symons‘ recently proposed that reactions between halide ions and 
hydrogen peroxide in aqueous solution are nucleophilic displacements producing the 
intermediate hydrogen hypohalite. The primary reaction between benzoyl peroxide and 
ionic chlorides appears to be similar; under suitable conditions the hypohalite may 
decompose into free radicals, but there is no evidence that these are produced in the 
primary reaction. 


RESULTS AND DISCUSSION 
Investigation of the decomposition of benzoyl peroxide by ionic chlorides is restricted 
by the lack of suitable non-reactive solvents. Interaction of the solvent with the primary 
products makes their identification and analysis difficult. Nevertheless, preliminary 
observations of the reaction in NN-dimethylformamide and dichloroethane indicated that 
the primary process is the nucleophilic displacement : 


(Ph*CO-O), + Cl- ——B Ph:CO:OCI +- Ph°COO- ee ee es ee 


Later discussion will show that a reaction scheme consistent with all the experimental 
observations may be constructed on the basis of this reaction. 

General Features of the Reaction in NN-Dimethylformamide.—The course of the decom- 
position of benzoyl peroxide in NN-dimethylformamide solution at 60° with different 
concentrations of lithium chloride is shown in Fig. 1. Initial rates of decomposition are 
proportional both to the peroxide and chloride concentrations but the proportionality does 
not hold in the later stages of the reaction. Similar results were obtained at 25°, giving an 

1 Part I, Bamford and White, /., 1959, 1860. 

2 Horner and Schwenk, Angew. Chem., 1949, 61, 411. 


8’ Edwards, ]. Amer. Chem. Soc., 1954, 76, 1540. 
* Symons, /., 1955, 273. 
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apparent activation energy for the early part of the reaction of 19-4 kcal. mole compared 
with 28-3 kcal. mole for the thermal decomposition of benzoyl peroxide in the absence of 
chloride." 

A characteristic feature of the reaction is the appearance of a yellow colour due to 
liberation of molecular chlorine followed by its complex-formation with chloride to give 
Cl, ions. This complex does not react readily with benzoyl peroxide. In Fig. 2, peroxide, 
chloride, and chlorine concentrations are shown as a function of time. The chlorine 
concentration reaches a maximum when most of the peroxide has decomposed and then 
decreases slowly. The yield of chlorine per mole of peroxide decomposed is greater than 


Fic. 2. Peroxide, chlorine, and chloride concentrations 
as a function of time in the decomposition of benzoyl 
peroxide in NN-dimethylformamide at 60° in the 
presence of lithium chloride. Concentration (mole l,-*) 


Fic. 1. Decomposition of benzoyl peroxide in 
NN-dimethylformamide at 60° in the presence 
of lithium chloride at concentrations shown. 
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would be expected if chlorine were formed solely from the homolysis of benzoyl hypo- 
chlorite resulting from reaction (1), followed by recombination of chlorine atoms as in (2): 


Ph*CO*OCI —— Ph°CO:O: +- Cl: (a)\ 


2Cl:- ——w Cl, (b)/ rs 


Such a mechanism predicts a yield of 0-5 mole of chlorine per mole of peroxide decomposed, 
whereas the observed yields after 20° and 40% reaction are 1-0 and 0-75 respectively in 
the experiments of Fig. 2. The high yield can be explained if reaction (3a) between 
benzoyl hypochlorite and chloride occurs: 


(a) 
PheCO-OCI + Ci- <g> PhrCO'O- + Cl, . 2 2 we ee he ee CY) 
(b) 


A reaction of this type has already been postulated in another connexion by Anbar and 
Ginsburg,5 Edwards,? and Symons. 

The increase in chloride concentration after 300 sec. (Fig. 2) arises either from a reaction 
between chlorine and NN-dimethylformamide (forming hydrogen chloride) or from 
reaction (3b) above. The reversibility of reaction (3) is considered below. 

Lithium benzoate is formed in the primary reaction (1), and removed by reaction (30). 
Benzoic acid, which also appears among the products, may arise in two ways: (i) from 
lithium benzoate by reaction with hydrogen chloride, (ii) by attack of benzoyloxy-radicals 
5 Anbar and Ginsburg, Chem. Rev., 1954, 54, 925. 
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on the solvent. A further product, N-benzoyloxymethyl-N-methylformamide (I), has 
been isolated. This is a major product of the thermal decomposition of benzoyl peroxide 
in NN-dimethylformamide ! and arises from the reactions shown in (4): 


H*CO*NMe:CH,* + (Ph*CO-O), ——B> H*CO*NMe*CH,°O-COPh (I) + Ph*CO-O> (b) 


Ph*CO-O+ + H*CO*NMe, —— PhCO,H + H*CO-NMeCH,: (a) 
. (4) 
H*CO*NMe-CH,: + Ph*CO-O» — a H*CO*NMe*CHy°O-COPh (c) 


A similar mechanism could account for the formation of the amide (I) in the present 
system, the initial benzoyloxy-radicals being formed from the homolysis of benzoyl hypo- 
chlorite (2a). 

Since hydrogen chloride may be produced by side reactions the ratio of benzoic acid to 
lithium benzoate in the products is not particularly helpful in elucidating the reaction 
mechanism. By adding styrene to act as a chlorine scavenger it was hoped to eliminate 
some of the complications arising from secondary reactions of chlorine. Table 1 gives the 
combined yield of benzoic acid and lithium benzoate for different initial concentrations of 
reactants. 

TABLE I. 
[Cl-] [Peroxide] [Styrene] Molar yield of Ph-CO,H 
initial initial initial + Ph-CO,Li as % of 
(mole ].-*) (mole 1.-*) (mole 1.-?) peroxide decomposed 


0-51 0-20 0 137 
Very low 0-20 2-5 157 
0-13 0-18 0-79 166 
0-95 0-19 0-79 172 
1-25 0-22 0-79 184 
0-36 0-14 2-5 187 
0-86 0-13 2! 190 


If the reaction proceeded entirely according to (1) and (3a) the molar yield of lithium 
benzoate would be 200%. Table 1 shows that in the absence of styrene the combined yield 
of lithium benzoate and benzoic acid is well below this. The yield is higher in the presence 
of styrene; further, the figures suggest that it increases with increasing Cl- concentration 
at constant styrene concentration. These observations are consistent with the existence 
of the equilibrium (3). In the absence of styrene the equilibrium is established; any 
benzoyl hypochlorite which does not ultimately give benzoate by (3a) must decompose 
according to (2a). The resulting benzoyloxy-radicals enter into reaction (4) with the 
formation of the amide (I) which accounts for the low combined yield of benzoic acid and 
lithium benzoate in the absence of styrene. It should be noted that NN-dimethylformamide 
radicals may arise not only from reaction (4a), but also from the analogous reaction (5): 


Cl -+- H*CO*NMe, —— HCI + H*CO*NMerCH,: i + ee oe Peete 


In the presence of a sufficient concentration of styrene, reaction (30) is effectively eliminated 
and the hypochlorite decomposes mainly according to (3a). Clearly, the homolysis (2a) is 
reduced in importance in the presence of styrene, with a corresponding decrease in the 
yield of amide (I) and an increase in the combined yield of benzoic acid and benzoate. 
The observation that the combined yield is somewhat lower than 200% under these 
conditions is understandable if a little of the hypochlorite adds directly to styrene. In this 
situation the yield should increase with increasing [Cl-], as appears to be so from Table 1. 
If this explanation is to be satisfactory the reaction of the hypochlorite with chloride must 
be much faster than that with styrene at a similar concentration. 

These ideas are further supported by experiments in which the concentration of chloride 
used per mole of peroxide decomposed was measured as a function of time (Fig. 3). In the 
absence of styrene, when the equilibrium (3) has been established, benzoyl hypochlorite will 
be lost only by reaction (2a); hence less than one equivalent of Cl~ should be used per mole 
of peroxide decomposed [since some Cl will be regenerated, e.g., by reaction (5)|. This is 
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so in practice in the later stages of the reaction. Initially, however, reaction (3a) is faster 
than (35) and the chloride consumption should approximate to two equivalents per mole of 
peroxide, as is observed. In the presence of styrene, the consumption of Cl” is 
also relatively high throughout the whole reaction on account of the suppression of 
reaction (36). In curve 1 of Fig. 3, referring to a high initial [Cl-], the consumption of Cl 
is almost constant at 2 moles per mole of peroxide up to 55% decomposition of peroxide. At 
a lower [Cl-] (curve 2) the consumption falls off more rapidly from 2 to approximately 
1 mole per mole owing to the depletion of chloride as the reaction proceeds. At very low 
(Cl-], direct addition of benzoyl hypochlorite to styrene (resulting in a Cl” consumption of 
1 mole per mole) is able to compete with reaction (3a). The addition of lithium benzoate 
(in the absence of styrene) results in relatively rapid attainment of equilibrium (3) and, 
as would be expected, reduces the consumption of chloride (curves 3 and 4, Fig. 3). 


Fic. 3. Chloride consumed per mole of benzoyl peroxide decomposed as a function of the percentage 
decomposition of peroxide for the reaction in NN-dimethylformamide at 60° in the presence of lithium 
chloride. 
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with [lithium benzoate] = 0-48 mole 1.-!. 





° 


The Reaction between Chlorine and Lithium Benzoate.—Reaction (3b) is analogous to the 
first stage of the Hunsdiecker reaction between the silver salt of a carboxylic acid and a 
halogen. It is generally considered that the primary products in the Hunsdiecker reaction 
are the corresponding acyl hypohalite and silver halide; the evidence for this is clear ® but 
there does not seem to be any record of the isolation of benzoyl hypochlorite from the 
reaction between silver benzoate and chlorine. We have found that benzoyl hypochlorite 
is formed as an unstable yellow oil when chlorine reacts with lithium benzoate in NN-di- 
methylformamide solution, as describd on p. 4496. 

Attempts to initiate Vinyl Polymerization.—To obtain some evidence for the occurrence 
of reaction (2a) attempts were made to use lithium chloride—benzoyl peroxide mixtures in 
NN-dimethylformamide as initiators of vinyl polymerization. With styrene at a con- 
centration of 2-5 mole 1.-! no polymer was formed, although conditions were such that the 
maximum rate of radical formation was low enough to produce high polymers. This 
result is not surprising; as already stated the importance of the homolysis of the benzoyl 
hypochlorite is reduced in the presence of styrene, and, further, some of the hypochlorite 
may be removed by direct addition to the monomer. Acrylonitrile in NN-dimethyl- 
formamide solution was shown to react much less rapidly than styrene with chlorine and 
7F 
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the hypochlorite, but this monomer could not be polymerized by the lithium chloride. 
benzoyl peroxide mixture, presumably because molecular chlorine is a powerful inhibitor of 
the polymerization of acrylonitrile. 

These results, while providing no evidence that reaction (2a) participates in the 
decomposition, are consistent with the mechanism proposed. 

The Reaction between Benzoyl Peroxide and Chloride in Dichloroethane Solution.—It was 
thought that some evidence for the formation of benzoyloxy-radicals might be obtained by 
using dichloroethane as solvent since this reacts less readily than NN-dimethylformamide 
with these radicals.6 Tetraethylammonium chloride was used in place of lithium chloride, 
which is not soluble in dichloroethane. 

The general features of the reaction under these conditions are very similar to those 
already described. (a) Chlorine is formed, and reaches its maximum concentration when 
the greater part of the peroxide has decomposed. The mixture becomes yellow, the colour 
being much deeper than that of an equivalent solution of chlorine in dichloroethane. The 
additional colour arises from the formation of tetraethylammonium trichloride, which was 
isolated as a yellow solid. This trichloride does not react at an appreciable rate with 
benzoyl peroxide. (b) The yield of chlorine is greater than 0-5 mole per mole of benzoyl 
peroxide decomposed. (c) One mole of benzoyl peroxide requires more than one mole of 
chloride for complete decomposition. These findings are consistent with the mechanism 
of reactions (1), (2), (3) as already described. 

The reaction differs from that in NN-dimethylformamide in that appreciable quantities 
of carbon dioxide are formed, presumably by the decarboxylation: 


PrCOO'-——m Pr +CO, . 2 6 se ee ee te @ 


In NN-dimethylformamide this reaction cannot occur since the benzoyloxy-radicals are 
preferentially hydrogenated.!_ The yield of benzoyloxy-radicals would be expected to 
decrease with increasing initial chloride concentration, by virtue of reaction (3a); the yield 
of carbon dioxide should therefore decrease accordingly. Experiments at high, medium, 
and low [Cl-] were performed to test this; the molar yields of carbon dioxide based on the 
peroxide decomposed were 6-9%, 12-4%, 29-3% respectively. The yield of carbon dioxide 
thus shows the expected variation. Further, in the presence of styrene (initial con- 
centration 0-17 mole 1.1) the yield is greatly reduced, to 2-6%. This would be the case if 
benzoyloxy-radicals react with styrene before the decomposition (6) can occur. However, 
according to Barson and Bevington’s results,’ concentrations of styrene as low as 
0-2 mole |. would not be expected to interfere significantly with reaction (6) in benzene 
solution, and if this is true in dichloroethane we are led to conclude that the low yield of 
carbon dioxide is not due to the scavenging of benzoyloxy-radicals by styrene. We believe 
that it is an indication of the reduced importance of reaction (2a) in the presence of styrene 
(cf. p. 4492); the direct addition of the hypochlorite to styrene may also be a contributory 
factor. 

In the absence of olefins, 2-chloroethyl benzoate is a major product. This probably 
arises from interaction between benzoate ions and dichloroethane: 


Ph*CO-O- + (CH,Cl), —B PhCOOCH,JCI+Cl- ww eee 


We have confirmed that a mixture of silver benzoate and tetraethylammonium chloride in 
dichloroethane rapidly yields the chloro-ester at 60°. Direct evidence of reaction (7) is 
also provided by measurements of chlorine and chloride concentrations. The total con- 
centration in terms of equivalents of Cl- was greater at the end of a run than at the start, 
showing that some chloride must have been derived from the solvent. 

Related Reactions.—The reaction of benzoyl peroxide most closely analogous to (1) is 


* Bamford and White, unpublished results. 
* Barson and Bevington, J. Polymer Sci., 1956, 20, 133. 
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the initial step in the decomposition accelerated by tertiary aromatic amines such as 
dimethylaniline. According to Horner and Schwenk ? this follows the path: 

Ph:NMe, ++ (Ph*CO-O), ——B [Ph:NMe,]* + Ph‘CO-O*+ PhCOO- . . . . (8) 
and thus differs from reaction (1) in leading to free radicals directly. However, both 
reactions (1) and (8) are nucleophilic displacements in which the driving force is derived 
from the electrophilic nature of the benzoyl peroxide molecule. 

As already mentioned acyl hypohalites are intermediates in the Hunsdiecker reaction.® 
Homolysis of the hypohalite, followed by loss of carbon dioxide from the resulting acyloxy- 
radicals and subsequent recombination, give rise to the typical Hunsdiecker product—an 
alkyl or aryl halide. Such products were not encountered in the present work with NN-di- 
methylformamide as solvent. There appear to be two main reasons for this. First, in the 
presence of chloride, reaction (3a) gives the benzoate ion, and secondly, the benzoyloxy- 
radical participates readily in hydrogen transfer.! It is unlikely that Hunsdiecker products 
will be found in any solvent containing hydrogen atoms which are at all labile—hence the 
value of carbon tetrachloride as a reaction medium. In NN-dimethylformamide, for 
example, we have shown that the reaction between silver benzoate and bromine at —10° 
gives benzoic acid as the major product and not bromobenzene. 


EXPERIMENTAL 


Materials.—Benzoyl peroxide and NN-dimethylformamide were purified as described in 
Part 1.1 Tetraethylammonium chloride and lithium chloride were dried in a vacuum at 110° 
for several days. Dichloroethane was dried over barium oxide and distilled before use. Styrene 
was treated similarly after removal of stabilisers by washing with alkali. 

Technique.—For studying reactions between benzoyl peroxide and chlorides ampoules having 
two limbs were used, into which solutions of the two reagents were separately pipetted in a dry 
box. The vessels were flushed with nitrogen, sealed, and allowed to reach thermal equilibrium 
in a thermostat before being shaken to mix the reactants. The contents were analysed after 
known intervals. 

Analysis.—Peroxides were estimated iodometrically as in Part I.1 In the presence of 
chlorine this method gives the sum of the chlorine and peroxide concentrations; the addition of 
styrene immediately before sampling removes chlorine and allows the peroxide alone to be 
titrated. Benzoyl hypochlorite, if present, will be estimated together with the chlorine; the 
concentrations of chlorine given in Fig. 2 may therefore be too high. The hypochlorite con- 
centration is probably always very small and is, in any case, unlikely to be high enough to 
invalidate the conclusions drawn from Fig. 2. 

In the presence of chlorine, chloride was estimated by converting the chlorine into chloride 
with sodium hydrogen sulphite and titrating the total chloride with silver nitrate to a poten- 
tiometric end-point. Alternatively, the chlorine was first removed with styrene and the 
chloride titrated directly. 

Carbon dioxide was estimated as in Part I.1 

Separation of Products.—After most of the NN-dimethylformamide had been removed by 
distillation in a vacuum, lithium benzoate and benzoic acid were isolated by extraction with 5% 
aqueous sodium carbonate after addition of ether. Benzoic acid, precipitated from the alkaline 
extract with acid, was collected, dried, and weighed. N-Benzoyloxymethyl-N-methylformamide 
contained in the ether extract was obtained as a viscous colourless oil, 7,,*° 1-5398 (lit.,? 1-5401), 
by distillation in a molecular still (Found: C, 63-0; H, 5-9; N, 7:3. Calc. for C,9H,,O;N: 
C, 62:2; H, 5-7; N, 7-3%). 

Isolation of 2-Chloroethyl Benzoate-—Benzoy] peroxide (2-7 g.) was allowed to react with 
tetraethylammonium chloride (3-4 g.) in dry dichloroethane (50 ml.) at 60° under nitrogen. 
After 90 min. a liquid containing the ester was isolated by the procedure described above 
for N-benzoyloxymethyl-N-methylformamide and distilled in a vacuum. The fraction of b. p. 
137°/14 mm., n,,1*° 1-5311, was collected (Found: C, 58-1; H, 5-0; Cl, 20-4. Calc. for CgH,CIO,: 
C, 58-5; H, 4-9; Cl, 193%). The same product was obtained by warming a mixture of silver 


§ Johnson and Ingham, Chem. Rev., 1956, 56, 219. 
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benzoate and tetraethylammonium chloride with dichloroethane. (Analogous reactions be- 
tween other silver salts and other halogenated solvents in the presence of tetraethylammonium 
chloride gave corresponding products.) A synthetic sample of 2-chloroethyl benzoate prepared 
from ethylene chlorohydrin and benzoyl chloride distilled at 137°/14 mm. and had m,!** 1-5310, 
Retention times for the three samples in a gas-chromatography apparatus with a Silicone- 
impregnated Celite column at 186° were identical. 

Reaction of Chlorine with Lithium and Silver Benzoates in NN-Dimethylformamide.—N N-Di- 
methylformamide (50 ml.) saturated with chlorine was allowed to react with solid lithium 
benzoate (10 g.) at 10°. Pouring the mixture into water at 0° then caused a yellow oil to 
separate; this rapidly decomposed into benzoic acid and chlorine at room temperature. It 
reacted at once with cyclohexene to give a mixture of 1,2-dichlorocyclohexane and 2-chloro- 
cyclohexyl benzoate, the latter being identified by its hydrolysis to trans-cyclohexane-1,2-dio] 
(m. p. 104°) and benzoic acid. The benzoyl hypochlorite could not be obtained pure. 

Attempts were made to prepare chlorobenzene by the Hunsdiecker reaction in NN-dimethyl- 
formamide from silver benzoate and chlorine at —10° for periods up to 15 hr. No chloro- 
benzene could be detected by gas chromatography. After filtration and removal of the solvent 
by distillation at room temperature benzoic acid remained. 

Yields of Carbon Dioxide.—Carbon dioxide evolved in the reaction of tetraethylammonium 
chloride and benzoyl peroxide in dichloroethane at 60° was measured at different chloride 
concentrations. At very high chloride concentrations, achieved by adding 0-004 mole of 
peroxide in 25 ml. of dichloroethane to 0-02 mole of chloride in 25 ml. of dichloroethane, the 
yield of carbon dioxide was 6-9 mole %. Low chloride concentrations, obtained by adding 
0-012 mole of the chloride in 25 ml. of solvent dropwise in 6 hr. to 0-0046 mole of peroxide in 
25 ml. of dichloroethane, gave 29-3 mole % of carbon dioxide. From 0-004 mole of peroxide 
and 0-011 mole of chloride in 50 ml. of dichloroethane, the yield of carbon dioxide was 12-4%. 
Addition of 0-0087 mole of styrene to this reduced the yield to 2-6 moles %. 

Polymerization Experiments.—Reactions between benzoyl peroxide and tetraethylammon- 
ium or lithium chlorides were carried out in dichloroethane or N N-dimethylformamide solution 
containing 2-5 mole 1. of acrylonitrile or styrene. Before reaction the chloride and peroxide 
solutions contained in separate side-arms attached to a dilatometer were thoroughly degassed, 
mixed, and allowed to react at 40°. No contraction was observed, indicating that no polymeriz- 
ation had occurred. No polymer could be precipitated from the solution at the end of the 
experiment. 

The inhibiting effect of chlorine on the polymerization of acrylonitrile was demonstrated by 
heating a solution of chlorine in acrylonitrile containing 1% of benzoyl peroxide under nitrogen 
at 60°. No precipitation of polymer occurred so long as the yellow colour of chlorine persisted. 
Addition of one drop of styrene, which reacts rapidly with chlorine, was followed by the form- 
ation and precipitation of polymer. Ina control experiment without chlorine, polymer became 
visible almost immediately. 


The authors thank Miss P. A. Smith for experimental assistance and Mr. M. Lonsdale for 
the microanalyses. 


COURTAULDS, LIMITED, RESEARCH LABORATORY, 
MAIDENHEAD, BERKS. [Received, April 14th, 1960.] 
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869. Infrared Absorption of Substituents in Aromatic Systems. 
Part VI. Methanesulphonamides. 


By A. R. Katritzky and R. ALAN JONEs. 


Absorption caused by the substituents in some compounds of type 
ArNH-SO,Me and ArNMe-SO,Me is recorded and discussed. Tentative 
assignments are suggested for most of the bands. 


BAXTER, CYMERMAN-CRAIG, and WILLIS? (who summarise earlier work) measured the 
spectra of several sulphonamides and studied the N-H and SO, stretching vibrations. 
The SO, modes have also been investigated by Momose, Ueda, Shoji, and Yamo.* The 
present work aimed at the identification of other characteristic absorption bands; N-aryl- 
N-methyl- and N-aryl-methanesulphonamides were measured as 0-189M-solutions in 
purified chloroform in a 0-106 mm. cell with a sodium chloride prism. Nearly all the 
bands were found to be characteristic either of the aromatic ring * or of the substituent 
group; the latter are recorded in Tables 1 and 2 together with apparent extinction 
coefficients (for the errors and approximations involved therein see ref. 5). Methane- 
sulphonamide (as a Nujol mull) and its mono- and di-N-methyl derivatives were included 
for comparison. 

NH Stretching Vibration.—We found the band of the non-bonded NH mode at 3370— 
3350 cm.“? (45—50) * and the hydrogen-bonded NH mode at 3250 cm. (60—80) for the 
ArNH-SO,Me compounds, and at 3410 (45) and 3330 cm. (30) for MeNH*SO,Me. These 
are in good agreement with the positions 3406—3380 and 3300—3245 cm. found previously 
for carbon tetrachloride solutions measured with a calcium fluoride prism.? 

Methyl Deformation Modes.—The compounds ArNH-SO,Me show a band at 1479—1445 
(80—85) which is probably one of the methyl deformation modes of the SO,Me group. 
The compounds ArNMe:SO,Me show a shoulder near 1460 cm.* and a band or shoulder 
at ca. 1415 cm. (ca. 25); the exact assignment of these bands to the S-Me and N-Me 
deformation modes is not clear. In this region N-methylmethanesulphonamide shows 
bands at 1474 (25) and 1466 cm.~! (25), and the NN-dimethyl analogue bands at 1480 (40), 
1465 (65), and 1415 (25) cm.*. 

NH In-plane Deformation Mode.—A strong band at 1400—1385 cm. (170—230) for 
the compound ArNH-SO,Me is probably essentially the NH in-plane deformation mode. 
This assignment is supported by the spectrum of PhND*SO,Me, in which the band at 
1400 cm.*! has disappeared and a new band has appeared at 1045 cm... This band is 
analogous to the “ Amide II”’ barid of compounds R-CO-NHR, and was not identified 
by the earlier workers.” 

The SO, Frequencies.—The asymmetrical and symmetrical -SO,- stretching modes 
cause absorption as follows: 


ArNHSOMe .....csssesessesseseseeees 1349—1332 (240—300) 1158—1154 (500—700) 
ArNMeSO,Me .....sscesessesesecseees { ee (150-190) 1156—1146 (260—400) 
aD 1340 (500) 1151 (380) 
MeNH-SO,Me ........ssssssssesesvese 1328 (480) 1152 (380) 


It is of interest that the symmetrical vibration is the stronger for one class of aromatic 
compounds and the antisymmetrica] for the other. The positions are in reasonable 
agreement with previous work. Precise intensities have not previously been recorded 


* Parentheses enclose apparent extinction coefficients. 


1 Part V, Katritzky and Lagowski, J., 1960, 2421. 

* Baxter, Cymerman-Craig, and Willis, J., 1955, 669. 

® Momose, Ueda, Shoji, and Yamo, Chem. and Pharm. Bull. (Japan), 1958, 6, 669. 
‘ Katritzky, Quart. Rev., 1959, 18, 353. 

5 Katritzky, Monro, Beard, Dearnaley, and Earl, J., 1958, 2182. 






























4498 


(cf. ref. 2 which records 1870—1333 and 1170—1155 cm.*; ref. 3 records 1345—1330 
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and 1170—1150 cm.-). 


The N-Aryl Stretching Frequency.—A band found at 1316—1261 cm.+ (55—80) is 


assigned to this mode by analogy with the N-Aryl stretching mode ® in compounds of the 





TABLE 1. N-Arylmethanesulphonamides, Me-SO,*NHAr. 
vNH 
eae AL ie’ Me defn. vSO, 
Aryl free bonded MeSO,— NH defn. antisym. 
No group cm.~! EA cm."! fa cm."! Ea cm,.~! aN cm,7! fa 
n x » . - ” 1400 170 1349 240 
1 Ph 3350 45 3250 65 1479 85 1395* 145 1329 295 
2 p-CIC,H, 3370 50 3250 60 1445 85 1387 230 1334 280 
3 p-BrC,H, 3350 45 3250 80 1446 80 1385 220 1332 300 
4 3-Py * 3340 m 3250 Ww 1457 s 1391 s 1347 s 
Skeletal 
—____-~—_____, M. p. 
vN-Ar vSO, sym. vCS vNS me 
No cm.-! eA cm.*! fa cm,"! aN cm."! Ea Found Lit. Ref, 
1 {ieee og «1156 500 970-190 M12 BO 9-100" 100-5" 
2 {i 6G 115540 968 230 902 80 148 149° 148° c 
, 1294 60 # ; , 910 60 - ? 

3 {jer0 45 1154 700 969 240 { 965 go 137—138° 136 c 
4 1316 s 1158 s 967 s 900 m 140—141° 140—141° d 
TABLE 2. N-Aryl-N-methylmethanesulphonamides (Me*SO,°NMeAr). 

Me defn. vSO, Me rock 
= A: PN antisym. vN-C NAr N-Me 
No. Aryl group cm,~! aN cm,"! EA cm.~! aN cm.~! fa cm," fa 
5 C,H 1470* 30 1415 25 { 1347 -- 360) ogg) 55744 
7 ots , 1326 160 °“ - , 
, — . 1348 500 aK = 
6 p-CIC,H, 1460* 35 1413 25 {4955 59 1264 75 «1171200 
7 p-BrCH, 1460 40 1415 25 {1388 G00 1961 = 801171200 
” 1350 600 J ” . 
8 2-Py (—) 1418* 60 1326* 130 1295 75 1180 150 
9 3-Py 1459* 40 iaiz* 50 { 1353, S00 1277 «75 «(1174 = 220 
a s ce —_ a Ee . 
10 4-Py 1465 35 1415 45 1334 190 1282 100 1174 210 
Skeletal 
Se ee a ae 
vSO, sym. vN-C NMe vCS vNS 
No cm,."! EA cm."! Ea cm."! ea cm,."! ea M. p. Lit. m. p. Ref. 
5 1149 260 1068 100 960 215 866 110 7 76-5° c 
6 1147 320 1065 150 957 300 870 140 67—68° —_— e 
7 1146 380 1062 120 956 350 869 135 82—83° —_ e 
“ As 889 130 130—135°+/ 130—135°+/ d 
s 1a? tes CL Ose eo lmm. Olam. 
9 1152 300 1076 130 961 280 873 125 62° 62° d 
10 1156 310 1066 120 960 260 874 230 53° 53° d 
* Shoulder. (—) Band masked by stronger absorption. 
a Satd. soln. (<0-2m) in CHCl,. b McGowan, J. prakt. Chem., 1884, 30, 282. c Marvel, 
Helfrick, and Belsley, J. Amer. Chem. Soc., 1929, §1, 1273. d See ref. 7. e This work. f B. p. 
Extra bands: No. 1: 1422 * (65), 895 * (60); No. 2: 830* (80); No. 4: 1191 * (m); No. 5: 
912 cm.~! (15). 
type ArNR-COR’ (R = H, Me, R’ = Me, Ph) which show bands near 1300 cm.*?. Usually, 


the frequency of the band increases as the ring becomes more electron-accepting, which 


is in accordance with a greater contribution for the structure Ring=NMe*SO,Me. 
® Katritzky and R. Alan Jones, J., 1959, 2067. 


7 R. Alan Jones and Katritzky, J., in the press. 
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Methyl Rocking and N-Me Stretching Modes.—Bands found in the compounds 
ArNMe*SO,Me at 1180—1171 cm.+ (145—220) and 1070—1062 cm. (100—150) are 
probably caused by these vibrational modes; a possible assignment is indicated in the 
table. Comparable bands were found ® for ArNMe-COMe compounds at 1140 + 2 cm. 
(75 + 20) and near 1030 and 1000 cm.t. The compounds Me,N*SO,Me and MeNH-SO,Me 
each show a single band, at 1054 cm. (30) and 1074 cm. (100) respectively. Possibly 
other bands are hidden by the strong asymmetric SO, vibration. 

CS and NS Skeletal Stretching Modes.—Two strong bands are found below 1000 cm.} 
as follows: 


MOIIE oi scissciisk.scicdeccdcnces 970—967 (190—240) 912—900 (60—80) 
ArNMe’SO,MEe  ..........cseecceesseeee 961—956 (215—350) 874—866 (110—160) 
III shnrsccecepuensannetneasene 963 (400) me 
gi Ua aS ae 966 (130) 829 (120) 
SMU 74sbtdissddontstisbodideds 974 m 878 m 


These are probably the CS and NS skeletal stretching modes; the position of that of 
higher frequency varies least, and it is tentatively assigned to the C-S mode. Previous 
workers have assigned a band near 1070 cm.1,§ 1090 cm.*,? or 550 cm.?* to the S-N 
stretching mode, but the evidence for these assignments is not compelling. 

Other Bands.—The compounds showed the bands expected for the aromatic rings; 
their frequencies and positioning were in reasonable agreement with earlier work. Bands 
characteristic of p-substituted chloro- and bromo-benzenes have been reported recently; } 
such bands were found at: 


X = Cl X = Br 
£-X-CHyNH‘SOMe ......cccccsssesseseees 1092 (120) 1073 (60) 
P-X-CyHyNMe-SO Me ......cccccsseeeeseeees 1095 (210) 1072 (210) 


The positions of these bands agree excellently with the ranges of 1096—1089 and 1073— 
1068 cm. reported. 

The few bands which could not be assigned to the ring or substituent are given as 
footnotes to the Tables. 


Experimental.—The spectra were measured on a Perkin-Elmer model 21 spectrophotometer 
with the settings previously given.® 

p-Chloro-N-methylmethanesulphonanilide, m. p. 67—68° (plates from ethanol) (Found: 
C, 43-6; H, 4-4; N, 6-2. C,H, CINO,S requires C, 43-7; H, 4-6; N, 64%), and p-bromo-N- 
methylmethanesulphonanilide, m. p. 82—83° (plates from ethanol) (Found: C, 36-4; H, 4:1; 
N, 5-4. C,H, )BrNO,S requires C, 36-4; H, 3-8; N, 5-3%), were prepared by the action of 
diazomethane on the corresponding methanesulphonanilides. 

All other compounds were prepared by literature methods.’ 


We thank Dr. N. Sheppard for reading the manuscript of this paper. This work was 
carried out during the tenure by one of us (R. A. J.) of a D.S.I.R. Maintenance grant. 


THE UNIVERSITY CHEMICAL LABORATORY, 
LENSFIELD Roap, CAMBRIDGE. (Received, May 2nd, 1960.] 


® Angus, Leckie, and Williams, Trans. Faraday Soc., 1938, 34, 793. 
* Hoffmann and Andress, Naturwiss., 1954, 4, 94. 





4500 Buu-Hoi, Périn, and Jacquignon: 


870. Carcinogenic Nitrogen Compounds. Part XXVIII. 
Azadibenzofluorenes and Related Compounds. 


By Nc Pu. Buvu-Hoi, F. PéErin, and P. JAcguicnon. 


Aza-derivatives of the carcinogenic 1,2:5,6-, 1,2:7,8-, and 3,4:5,6-dibenzo- 
carbazole have been synthesised from «- and @-tetralone with 5-, 6-, and 
8-quinolylhydrazine, together with some of their higher polycyclic analogues. 


THE high incidence of carcinogenicity in the benzacridine and dibenzacridine series shows 
that the introduction of heterocyclic nitrogen atoms into the molecules of polycyclic 
hydrocarbons does not suppress, and at times enhances, this type of biologcal activity; ® 
further, the carcinogenic potency of compounds such as dinaphthazine * and tricyclo- 
quinazoline * indicates that the presence of several nuclear nitrogen atoms is not necessarily 
detrimental. These considerations prompted the preparation, for biological investigation, 
of aza-derivatives of 1,2:5,6-, 1,2:7,8- and 3,4:5,6-dibenzocarbazole, all of which are to some 
degree carcinogenic.5 The method used was the Fischer indolisation of quinolylhydrazones 
of the appropriate polycyclic ketones; several authors had already studied the cyclisation 
of a number of quinolylhydrazones of cyclohexanone,® but similar reactions with «- and 
8-tetralone had not been reported. 

5-, 6-, and 8-Quinolylhydrazine were used for this work, the hydrazones of the 8-isomer 
being in general the least amenable to cyclisation. Thus, whilst the benzopyridocarbazoles 
were readily obtained from the 5- and the 6-quinolylhydrazone of «-tetralone, only negative 
results were recorded with the 8-quinolylhydrazone, even when drastic procedures were 
applied. This failure is probably connected with the unfavourable steric conditions 





(III) 


present in cis-bisangular cyclisations in the vicinity of a pert-nitrogen atom (cf. I). Indolis- 
ation of the 6- and the 8-quinolylhydrazone of {-tetralone yielded dihydrobenzopyrido- 
carbazoles that were smoothly dehydrogenated by means chloranil in xylene? or, more 


XUN 


riz 





(VI) 


conveniently, by palladium-charcoal, giving compounds (II)—(V). Compound (II) is 
isosteric with the weakly carcinogenic 1,2:7,8-dibenzocarbazole, (IV) is isosteric with the 
moderately carcinogenic 1,2:5,6-dibenzocarbazole, and (V) is isosteric with the strong 


1 Part XXVII, Buu-Hoi and Jacquignon, /J., 1959, 3095. 

* Cf. Lacassagne, Buu-Hoi, Daudel, and Zajdela, Adv. Cancer Res., 1956, 4, 315. 

’ Hackmann, Z. Krebsforsch., 1951, 58, 56. 

* Baldwin, Butler, Cooper, and Partridge, Nature, 1958, 181, 838; Baldwin, Cunningham, and 
Partridge, Brit. J. Cancer, 1959, 18, 94. 

5 Boyland and Brues, Proc. Roy. Soc., 1937, B, 122, 429; Boyland and Mawson, Biochem. J., 1938, 
32, 1640; Lacassagne, Buu-Hoi, Zajdela, and Xuong, Bull. Cancer, 1955, 42, 3. 

* Dewar, J., 1944, 616; Mann, Prior, and Willcox, J., 1959, 3830. 

? Barclay and Campbell, J., 1945, 530; Buu-Hoi, Hoan, and Khoi, J. Org. Chem., 1949, 14, 492. 
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carcingogen 3,4:5,6-dibenzocarbazole. We failed in an attempt to dehydrogenate similarly 
the cycloheptenopyridoindole (VI) (prepared from cycloheptanone). 

The same reactions were applied also to more complex ketones: 1,2,3,4-tetrahydro-1- 
and -4-oxophenanthrene and 6-quinolylhydrazine readily gave the compounds (VII) and 
(VIII), and the former ketone with 5-quinolylhydrazine gave compound (IX). But 
again we failed to indolize the 8-quinolylhydrazones of 1,2,3,4-tetrahydro-1- and -4-0xo- 
phenanthrene. 

In the case of 6-quinolylhydrazones the orientation postulated for the products is based 
on the fact § that the quinoline nucleus does not react according to formal structures lacking 
a 5,6-double bond, and on the resemblance of the ultraviolet absorption spectra of com- 
pounds (II) and (V) to those of their benzenoid isosters. 





(VIII) (IX) 

Although quinoline derivatives generally fail to give addition compounds with tetra- 
chlorophthalic anhydride,® 3,4-dihydronaphtho(2’,1’:1,2)pyrido(3”’,2’’:5,6)carbazole gave a 
red molecular complex with this reagent. Biological tests for sarcoma-inducing properties 
by subcutaneous injection in mice show that compound (V) is active; the aza-substitution 
has thus not eliminated the carcinogenicity of 3,4:5,6-dibenzocarbazole. 


EXPERIMENTAL 


Preparation of Intermediates —6-Quinolylhydrazine hydrochloride was prepared from 6- 
aminoquinoline by Wieland and Horner’s method,?® and the 5- and the 8-isomer in a similar 
way; 8-quinolylhydrazine was isolated, on .basification of its hydrochloride with aqueous 
sodium hydroxide, as a pale yellow solid, b. p 188—189°/13 mm., m. p. 65°, sensitive to the air 
and light, and could be conveniently used in place of its hydrochloride for the formation of 
hydrazones. 

a-Tetralone 5-Quinolylhydrazone.—A solution of 5-quinolylhydrazine hydrochloride (1-9 g.) 
and sodium acetate (1-2 g.) in ethanol (5 c.c.) and water (15 c.c.) was heated for 1 hr. on a water- 
bath with a-tetralone (1-25 g.); after cooling, the mixture was basified with a few drops of 
aqueous ammonia, and the precipitated hydrazone was collected; it recrystallised from ethanol 
as bright yellow needles (2 g.), m. p. 234° (Found: C, 79-7; H, 6-2; N, 14:4. C,)H,,N, requires 
C, 79-4; H, 5-9; N, 14-6%). 

3,4-Dihydro-1,2-benzopyrido(2’,3’:7,8)carbazole.—The foregoing hydrazone (2 g.) was heated 
on a water-bath for 10 min. with acetic acid (5 c.c.) and sulphuric acid (1 c.c.); after cooling, 
the red solution was poured into aqueous ammonia, and the precipitated dihydrocarbazole was 
collected; it recrystallised from ethanol as pale yellow needles (1-5 g.), m. p. 276° (Found: N, 
10-0. C,,H,,N, requires N, 10-4%); it gave erratic carbon values on combustion. Its picrate 
crystallised as orange-red needles, m. p. 345°, from ethanol (Found: N, 14:3. C,;H,,N,;O, 
requires N, 14:0%). F 

1,2-Benzopyrido(2’,3’:7,8)carbazole (I1I).—A mixture of the foregoing compound (1 g.) and 
palladium—charcoal (0-5 g.) was heated at 310°, and the sublimate was resublimed over 
palladium-charcoal. The carbazole formed cream-coloured needles (0-6 g.), m. p. 311°, from 
ethanol (Found: C, 85-2; H, 4:7. C,gH,.N, requires C, 85-1; H, 4:5%); the picrate formed 
orange needles, m. p. 335°, from ethanol (Found: N, 13-8. C,,;H,,N,O, requires N, 14-1%). 


8 Cf. Marckwald, Annalen, 1893, 274, 331; 1894, 279, 1; Badger, “‘ Structures and Reactions of 
the Aromatic Compounds,” Cambridge Univ. Press, 1954, p. 156. 

* Buu-Hoi and Jacquignon, Bull. Soc. chim. France, 1957, 488. 

1@ Wieland and Horner, Annalen, 1958, 586, 92. 
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3,4-Dihydro-1,2-benzopyrido(3’,2’:5,6)carbazole.—a-Tetralone 6-quinolylhydrazone, prepared 
from 6-quinolylhydrazine hydrochloride, as above, formed yellow needles, m. p. 233°, from 
ethanol (Found: C, 79-2; H, 60; N, 145%). Indolisation gave the dihydrocarbazole, 
crystallising as cream-coloured needles (70%), m. p. 276°, from ethanol (Found: N, 10-4%); 
this compound also gave erratic carbon analyses. Its picrate formed red needles, m. p. 295°, 
from ethanol (Found: N, 13-8%). 

1,2-Benzopyrido(3’,2’:5,6)carbazole (II).—A xylene solution of the above dihydro-compound 
(1-2 g.) was refluxed for 6 hr. with chloranil (2 g.); the dark precipitate formed on cooling was 
extracted with aqueous sodium hydroxide, and the undissolved carbazole was recrystallised 
twice from ethanol (charcoal), giving fine cream-coloured needles (0-5 g.), m. p. 325° (decomp. 
> 295°) (Found: N, 10-1%); its orange picrate had m. p. >340° (Found: N, 14-0%). 

Attempted Preparation of Compound (1) and its Analogues.—A solution of 8-quinolyl- 
hydrazine (1-5 g.) and a-tetralone (1-25 g.) in ethanol (10 c.c.) was refluxed for 1 hr.; «-tetralone 
8-quinolylhydrazone was precipitated on cooling and recrystallised from ethanol as lemon-yellow 
needles (1-8 g.), m. p. 210° (Found: C, 79-1; H, 6-2; N, 14:3%). The compound was recovered 
unchanged after treatment with sulphuric acid (1 vol.) in acetic acid (5 vol.), even after being 
heated for 30 min.; increase in concentration of sulphuric acid and even longer heating resulted 
in decomposition of the hydrazone. 1,2,3,4-Tetrahydro-1-oxophenanthrene 8-quinolylhydrazone, 
prepared from the ketone (1-5 g.) with 8-quinolylhydrazine (1-5 g.) in ethanol (10 c.c.), formed 
yellow leaflets (2 g.), m. p. 151°, from cyclohexane (Found: C, 82-3; H, 5-9; N, 12-7. C,3H,,N, 
requires C, 81-9; H, 5-6; N, 12-5%). 1,2,3,4-Tetrahydro-4-oxophenanthrene 8-quinolylhydrazone 
formed lemon yellow needles, m. p. 135°, from cyclohexane (Found: N, 12-8%). These two 
hydrazones resisted attempts at cyclisation. 

3,4-Benzopyrido(3’,2’:5,6)carbazole (V).—Dehydrogenation of the corresponding dihydro- 
carbazole !! was effected with chloranil as above, affording a 50% yield of the carbazole, which 
crystallised as cream-coloured leaflets, m. p. 270°, from ethanol (Found: N, 10-3%); its picrate 
crystallised as orange-yellow needles, m. p. 317°, from ethanol (Found: C, 60-1; H, 2-9. 
C,;H,,N,;O, requires C, 60-4; H, 3-0%). 

5,6-Benzopyrido(2’,3’:1,2)carbazole (IV).—-Tetralone 8-quinolylhydrazone formed orange- 
yellow needles, m. p. 136°, from ethanol (Found: C, 79-1; H, 6-6%); its indolisation, readily 
effected with the usual sulphuric—acetic acid reagent, furnished 17,8-dihydro-5,6-benzopyrido- 
(2’,3’:1,2)carbazole, crystallising as cream-coloured needles, m. p. 195°, from cyclohexane 
(Found: C, 84-5; H, 5-2; N, 10-5%), and giving a picrate, orange-yellow prisms (from ethanol), 
m. p. 312° (Found: N, 14:0%). Dehydrogenation with palladium-—charcoal afforded a 70% 
yield of the carbazole as sublimable, colourless needles, m. p. 234° (from benzene) (Found: C, 
85:4; H, 4:5; N, 103%); the corresponding picrate was bright yellow. 

4’,5’-Cycloheptenopyrrolo(3’,2’:5,6)quinoline (V1).—Cycloheptanone 6-quinolylhydrazone, pre- 
pared from the ketone (1-6 g.) and 6-quinolylhydrazine hydrochloride (3-2 g.) with sodium 
acetate (2-2 g.) in ethanol, formed yellow needles (2-8 g.), m. p. 168°, from ethanol (Found: N, 
16-3. C,,H,,N; requires N, 16-6%). Indolisation, effected by heating this compound (2-5 g.) 
for 1 hr. on a water-bath with a solution of sulphuric acid (3 c.c.) in acetic acid (10 c.c.), gave the 
product (V1), crystallising as yellowish prisms (1-8 g.), m. p. 179°, from light petroleum (Found: 
C, 81-3; H, 6-5; N, 12-0. C,,H,,N, requires C, 81-4; H, 6-8; N, 11-9%). The picrate formed 
orange-yellow prisms, m. p. 266°, from ethanol (Found: C, 56-6; H, 4-0; N, 15-0. C,.H,,N,;0, 
requires C, 56-8; H, 4-1; N, 15-1%). An attempt to dehydrogenate this compound with 
chloranil in xylene medium resulted only in recovered indole. 

Naphtho(2’,1’:1,2)pyrido(3”,2”’:5,6)carbazole (VII).—1,2,3,4-Tetrahydro-1-oxophenanthrene 6- 
quinolylhydrazone, prepared from the ketone (1-5 g.), 6-quinolylhydrazine hydrochloride (1-9 g.) 
and sodium acetate (1-2 g.) in ethanol, formed yellow needles (2-5 g.), m. p. 279°, from chloro- 
benzene (Found: C, 81-6; H, 5-8; N, 12-5. C,,H,,N, requires C, 81-9; H, 5-6; N, 12-5%). Its 
cyclisation (2 g.) could be achieved only with more drastic conditions (30 minutes’ heating and 
2 vol. of sulphuric acid to 5 vol. of acetic acid); 3,4-dihydronaphtho(2’,1’:1,2)pyrido(3’’,2’’:5,6)- 
carbazole, insoluble in the usual organic sovents, was purified by sublimation in vacuo at 300°, 
and formed pale yellow needles (1-2 g.), m. p. 407° (Found: C, 86-6; H, 4-8; N, 8-7. C,sH,.N; 
requires C, 86-3; H, 5-0; N, 8-7%). This compound gave a bright red picrate, decomp. >260°, 
and a red addition compound with tetrachlorophthalic anhydride. Dehydrogenation, effected 


™ Buu-Hoi, Saint-Ruf, Jacquignon, and Barrett, J., 1958, 4308. 
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by two sublimations with 2 parts of palladium-charcoal, furnished the carbazole (VII), lemon- 
yellow needles, m. p. 422° (Found: C, 87-1; H, 4-6. C,,;H,,N, requires C, 86-8; H, 4-4%); the 
picrate crystallised as orange needles, m. p. 353° (decomp. >300°), from nitrobenzene. 
Naphtho(’,2’:1,2)pyrido(3”,2”:5,6)carbazole (VII1).—1,2,3,4-Tetrahydro-4-oxophenanthrene 
6-quinolylhydrazone was obtained as a resin which was indolised by heating it for 1 hr. with 
sulphuric acid (4 vol.) in acetic acid (10 vol.). The crude dihydrocarbazole was dehydrogenated 
over palladium—charcoal, to afford the carbazole (VIII), pale yellow, sublimable needles, m. p. 
373° (Found: C, 86-8; H, 4-:1%), giving an orange-red picrate. 
Naphtho(2’,1’:1,2)pyrido(2’,3’:7,8)carbazole (IX).—1,2,3,4-Tetrahydro-l-oxophenanthrene 5- 
quinolylhydvazone formed yellow needles, m. p. 232°, from benzene (Found: N, 12-8%); indolis- 
ation as for (VIII) yielded the dihydrocarbazole, straw-coloured needles, m. p. 348° (from 
benzene) (Found: C, 86-2; H, 5-0; N, 84%). Two sublimations over paliadium—charcoal 
furnished the carbazole (IX), pale yellow needles, m. p. 391° (Found: C, 86-7; H, 4-6; N, 8-7%). 
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871. Polyfluoroalkyl Compounds of Silicon. Part V.* The Reaction 
of Trichlorosilane with Chlorotrifluoroethylene, and Halogen-abstraction 
by Silyl Radicals.t 


By R. N. HASZELDINE and J. C. Younc. 


Photochemical reaction of trichlorosilane with chlorotrifluoroethylene 
yields the compound CHFCI:CF,°SiCl, and not CHF,°CFCI*SiCl,. A new 
type of radical chain reaction, involving alternate formation of silyl and 
alkyl radicals: 


u.v. 
>SiHX — Ssix: 
a Nc; Sc. 
Six: + SCHY —e SSixY + SCH 
CH: + SSiIHX —t SCH, + >SiX: — etc. 
where X and Y = halogen 


is proposed to account for the formation of the by-product CH,F-CF,SiCl,. 
Silyl radicals thus abstract halogen rather than hydrogen, whereas alkyl or 
aryl radicals abstract hydrogen rather than halogen. The reaction of 
trichlorosilane with trifluoroethylene gives mainly the compound 


B a 
CHF,°CHF’SiCl,._ Hydrolysis of the compounds CHFX-CFY°SiCl, shows 
that, although the main product is the alkane CHF X-CHFY, simultaneous 


loss of B-chlorine (X = Cl) occurs even when Y = F, and loss of 8-fluorine 
(X = F) occurs when Y = H but not when Y = F. 


REACTION of trichlorosilane with tetrafluoroethylene, initiated by ultraviolet light, 
smoothly gives the compounds H-(CF,°CF,],,SiCl,; the 1: l-adduct, where » = 1, can be 
obtained in good yield! The related olefin chlorotrifluoroethylene is known to be sensitive 
to attack by free radicals such as CF,*, CCl,*, or Br-, and the CF, group of the olefin is 
attacked preferentially.2 Thus, if the SiCl, radical (as distinct from the hydrogen atom), 
formed when trichlorosilane is irradiated, attacks an olefin in an addition reaction, it can 

* Part IV, Geyer, Haszeldine, Leedham, and Marklow, J., 1957, 4472. 

+ Cf. Proc. Chem. Soc., 1959, 394. 


1 Haszeldine and Marklow, J., 1956, 962, 
® Haszeldine and Steele, J., 1958, 1592. 
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be expected that photochemical reaction of trichlorosilane with chlorotrifluoroethylene 
would yield 2-chloro-1,1,2-trifluoroethyltrichlorosilane (I) rather than its isomer (II): 


CHFCICF,SiCl, CHF 4°CFCISiCl, CFCI,CF,SiCl, 
(D (ID (IIT) 


hy 
SiHCI, —— SiCI,* + H 
H: + SiIHCl, —B H, + SiCI," 


SiHCl, 
SiCI* + CFy:CFCl —t> *CFCICFySiCl, ———t> CHFCI-CF,*SiCI, + SiCl,s —® etc. 
Apart from polymeric material H-[(CFCI-CF,],°SiCl, formed by reactions 


*CFCI*CF SiC, + CFy:C FC] —t *CFCI*CFy°CFCI°CF,'SiCl, Bn H-[CFCI*CFg]q*SiCl, + SiCls* —t etc, 
two compounds, b. p. 120° and 97°, respectively, were isolated from the reaction of 
trichlorosilane with chlorotrifluoroethylene. The first has structure (I), as shown by the 
following reactions. Aqueous alkaline hydrolysis gave 91% of 1-chloro-1,2,2-trifluoro- 
ethane and 9% of trifluoroethylene; the chlorofluoroalkane is not dehydrochlorinated 
by aqueous base under the conditions used for the hydrolysis, so a concerted elimination 
reaction: 


caging, 
OH* csi“ cr, cH Le 


or chloride-ion elimination from the carbanion ~CF,°CHFCI, must accompany the main 
displacement reaction : 


Pe ; 
on* crisiler,;cHrc! —> ~crycHeci 22% cHF,cHFC! 


Marked reactivity of halogen 8 to silicon thus appears even with chlorofluoroalkyl groups. 

Photochemical chlorination of compound (I) yields 2,2-dichlorotrifiuoroethyltri- 
chlorosilane (III), hydrolysis of which gives 1,1-dichloro-1,2,2-trifluoroethane (87%) and 
chlorotrifluoroethylene (13%): 


OH- 
CFCIy*CFy'SiCly ——B> CFCI,*CHF, + CFCIICF, 


Compound (II) would have given 1,2-dichloro-1,1,2-trifluoroethane as the main product, 
and the two isomeric dichlorotrifluoroethanes are readily distinguished by physical 
properties, particularly by infrared spectroscopy; the 1,2-dichloro-compound is also 
readily dechlorinated to give trifluoroethylene. 

1,1-Dichloro-1,2,2-trifluoroethane had not been fully characterised previously, and it 
was therefore synthesised from 1,1,2,2-tetrachloroethane by standard procedures: 8 


SbF,, SbV Cl, Ay bF,,SbV 
CHCI,°CHCl, ———t> CHF,*CHCl, ———t CHF,°CCl, ——— CHF, CFCI, 


The product so obtained was identical with that obtained by hydrolysis of compound (III). 
The structures (I) and (III) are thus established. 

The compound of b. p. 97° obtained by reaction of trichlorosilane with chlorotrifluoro- 
ethylene is 1,1,2-trifluoroethyltrichlorosilane (IV). Aqueous alkaline hydrolysis of this 
compound (IV) gave 1,1,2-trifluoroethane, and a very small amount of vinylidene fluoride: 


OH- 
CHgF*CFy'SiCl, ——t> CH,F*CHF,(+ CFy:CH,) 
(IV) 


Photochemical chlorination of the trifluoro-compound (IV) gave its dichloro-derivative 
(III), thus establishing the structure of the former. 


* Henne and Ladd, J. Amer. Chem. Soc., 1936, 58, 402; Bruesch, Huskins, Padbury, and Tarrant, 
Ind. Eng. Chem., 1951, 43, 1253. ‘ 
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The amount of the reduction product (IV) formed during the trichlorosilane—chlorotri- 
fluoroethylene reaction depends upon the CF,:CFCI/SiHC], ratio in the liquid phase (which 
is the phase exposed to ultraviolet light) in the reaction vessel. A high concentration of 
chlorotrifluoroethylene, obtained by carrying out the reaction at a pressure (ca. 6 atm.) 
sufficient to liquefy most of the olefin, gives the monochloro-product (I) with at most 
10% of the reduction product (IV). Use of identical reactant ratios, but with a larger 
reaction vessel so that most of the chlorotrifluoroethylene is in the vapour phase, gives a 
much larger yield (45%) of the reduction product (IV). These observations suggested 
that the latter is formed by reaction of trichlorosilane with the monochloro-product (I) 
as its concentration in the liquid phase increases relatively to that of chlorotrifluoro- 
ethylene. This was confirmed by photochemical reaction of trichlorosilane with the pure 
compound (I): the reduced compound (IV) was obtained in 63% yield, together with 
silicon tetrachloride. The following radical chain reaction is suggested: 


CHFCICF,’SiCl, + SiCl,> ——p> *CHF*CF,’SiCI, + SiCI, 
*CHF*CF,*SiCly + SiIHCl, —B> CH,F*CF,*SiCI, + SiCI,° 


It will be noted that the trichlorosilyl radical abstracts chlorine from the 6-carbon atom. 
Even after allowance for the fact that the 6-chlorine atom in silicon compounds is often 
reactive, this free-radical abstraction is unusual, since (i) the chlorine of a —-CF,°CHFCl 
group is normally very stable and (ii) alkyl (e.g., CH, or CF) or aryl (¢.g., Ph) radical 
attack on a CHX, group (e.g., in CHCl) abstracts hydrogen and not chlorine.* It is 
clear that silyl radicals can behave quite differently from alkyl radicals, probably because 
the Si-Cl bond dissociation energy (91 kcal. mole) is considerably greater than the Si-H 
bond dissociation energy (76 kcal. mole™),5 the reverse of the situation for C-Cl and C-H. 
The reaction >Si-H + >C-Cl —» SSi-Cl + SC-H thus results in an appreciable release 
of energy ~30 kcal. mole~). 

Abstraction of chlorine from chlorobenzene by the triphenylsilyl radical has been 
observed recently,* but this does not involve a chain reaction of the type now suggested: 


u.v. or 
>SiHX ——— six: 
peroxide 
DSiX+ + SCHY —t SSiXY + SCH: 
SCH: + SSIHX — SCH, + >SiX: — etc. 
where X and Y = halogen 


The photochemical reaction of trichlorosilane with trifluoroethylene was also examined 
briefly, to eliminate the possibility that compound (IV) was formed as follows: 


CHFCI*CF,’SiCl, ——t> CHF:CF, + SiCI, 
SiHCI, 
CHF:CF, + SiCls> —-B “CHF-CF,"SiCl, ———t> CH, FCF, 'SiCI, + SiCl,> — etc. 


Free-radical attack on trifluoroethylene occurs mainly on the CHF group,’ so that tri- 
chlorosilane would be expected to give the compound CHF,°CHF°SiCl, (V) rather than 
(IV). That the 1: 1 adduct is mainly (V) and not (IV) is shown by its b. p. (104°), by its 
infrared spectrum which differs appreciably from that of (IV), and by its aqueous alkaline 
hydrolysis: 
CHF CHF SICly ——> CHF y*CH4F + CHF:CHF + CF,:CH, 
(V) 9% % 1% 


Formation of vinylidene fluoride suggests that a small amount of compound (IV) was 


‘ Kharasch, Jensen, and Urry, J. Amer. Chem. Soc., 1947, 69, 1100. 

> Cottrell, ‘‘ The Strengths of Chemical Bonds,” Butterworths, London, 1958, 2nd edn. 
* Curtice, Gilman, and Hammond, J. Amer. Chem. Soc., 1957, 79, 4754. 

? Haszeldine and Steele, ]., 1957, 2800. 
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probably also produced by the trichlorosilane-trifluoroethylene reaction, but it was 
certainly not the main product. Nuclear magnetic resonance studies of compounds (I), 
(IV), and (V) are in agreement with the proposed structures. 

The olefin formed when polychlorofluoro- or polyfluoro-ethyl derivatives of silicon 
are hydrolysed gives a guide to the structure of the silicon compound, if ejection of halide 
ion from the 8-position is assumed. Failure to obtain olefin also gives a guide to structure. 
Thus, the chlorine in the compound CF,CI-CF,°SiCl, is attached to a CF, group and hence 
particularly stable; hydrolysis of this compound gives only the chlorofluoroethane 
CF,CI-CHF,. By contrast, the compound CH,CI-CH,SiCl, yields only ethylene. The 
compounds CHFCI-CF,°SiCl,, CH,F-CF,’SiCl,, and CHF,°CHF°SiCl, lie between these 
extremes of reactivity and give mainly the fluoroalkane, but with some loss of 8-halogen 
to give an olefin. Loss of 6-fluorine occurred when the $-group was CH,F, and also 
when it was CHF, with CHF as the a-group, but not when the $-group was CHF, with 
CF, as the «-group (#.e., in hydrolysis of CHF,°CF, SiC], 4). 

While this work was in progress, several other reports ® appeared on the reaction of 
trichlorosilane with chlorotrifluoroethylene, under various methods of catalysis, and both 
possible products (I) and (II) have been claimed by different authors. In no case was an 
unequivocal proof of structure given. Conditions most nearly approaching those used 
in the present work were used by McBee ef al., who report a somewhat unstable 1: 1 
adduct of b. p. 117°; compound (I), obtained under the experimental conditions described 
below, showed no signs of instability or of decomposition during distillation. 


EXPERIMENTAL 


Photochemical reactions were carried out in sealed silica tubes which were filled by use of 
apparatus for manipulation of volatile compounds. Moisture, air, etc., were excluded. Mole- 
cular weights were determined by Regnault’s method. A Perkin-Elmer model 21 spectro- 
photometer was used to determine infrared spectra. The ultraviolet light was a Hanovia 500 
watt. The gas-liquid chromatography column was constructed from 2 metres of 5 mm. tubing 
containing 40% by weight of dinonyl phthalate supported on 80-mesh Celite. 

Trichlorosilane, chlorotrifluoroethylene, and trifluoroethylene were distilled in vacuo to 
analytical and spectroscopic purity. Yields are based on the reactant not in excess. 

Reaction of Trichlorosilane with Chlorotrifluoroethylene.—(a) To give mainly 2-chloro-1,1,2-tri- 
fluoroethyltrichlorosilane. Trichlorosilane (160 g., 1-18 moles) and chlorotrifluoroethylene 
(44:5 g., 0-38 mole) in a 280-ml. tube (olefin mainly in the liquid phase) were shaken and 
irradiated for 46 hr., to give (i) unchanged trichlorosilane (120 g.), (ii) a major fraction (55-4 g.), 
boiling from 35°/760 mm. to 55°/55 mm., and (iii) a residue of polymeric material (25-6 g.). 
Redistillation of the middle fraction (ii) gave a forerun containing crude product (IV) (ca. 10 g., 
max. yield 10%), b. p. 70—120°/760 mm., and 2-chloro-1,1,2-trifluoroethyltrichlorvosilane (42-7 g., 
45%), b. p. 120—121° (Found: C, 9-6; H, 0-4; Cl, 561%; M, 255. C,HCI,F,Si requires 
C, 9-5; H, 0-4; Cl, 56-3%; M, 252). 

Use of an excess of trichlorosilane in the reactants minimises polymer formation. The 
irradiation time is probably excessive, since all the olefin had been consumed. 

(b) To produce mainly CH,F-CF,°SiCl,. Trichlorosilane (31-3 g., 0-23 mole) and chlorotri- 
fluoroethylene (8-2 g., 0-07 mole) were sealed in a 280-ml. silica tube; the olefin was thus 
largely in the vapour phase. All the olefin had been consumed after 48 hours’ irradiation with 
shaking. The liquid products were distilled to give unchanged trichlorosilane (14-3 g.), silicon 
tetrachloride (6-4 g., 53%), an intermediate fraction (4-0 g.), b. p. 70—90°, and 1,1,2-trifluoro- 
ethyltrichlorosilane (6-9 g., 45%, b. p. 96-4—96-8°) on redistillation (Found: C, 10-8; H, 1-1%; 
M, 218. C,H,Cl,F,Si requires C, 11-0; H, 0-9%; M, 217-5). 

Hydrolysis of the Compounds CHFCI-CF,°SiCl, and CH,F-CF,°SiCl,.—Compound (I) (0-593 g., 
2-35 mmoles) reacted immediately when shaken in a 330-ml. sealed tube with air-free 10% 

§ Sommer, Goldberg, Dorfman, and Whitmore, J. Amer. Chem. Soc., 1946, 68, 1083. 

® Ponomarenko, Sokolov, and Petrov, Jzvest. Akad. Nauk S.S.S.R., Otdel. khim. Nauk, 1956, 628; 
McBee, Roberts, and Puerckhauer, ]. Amer. Chem. Soc., 1957, 79, 2329; Tarrant, Dyckes, Dunmire, 
and Butler, ibid., p. 6536; B.P. 764,288 (Chem. Abs., 1957, 51, 14,786); Haluska, U.S.P. 2,800,494 
(Chem. Abs., 1957, 51, 17,982). : 
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aqueous sodium hydroxide (5 ml.). After 30 min., distillation gave 1-chloro-1,2,2-trifluoro- 
ethane (90%) (Found: C, 20-4; H, 18%; M, 118. Calc. for C,H,CIF;: C, 20-2; H, 1-7%; 
M, 118-5), b. p. (isoteniscope) 17-2°, and trifluoroethylene (9%) identified spectroscopically. 
Swarts }° reports b. p. 17° for CHF,°CHFCl. Strong bands in its infrared spectrum at 3-35, 
8-87, and 11-19 » distinguish CHF,°CHFCI (b. p. 17-2°) from CF,°CH,Cl (b. p. 6-1°) with main 
bands at 3-33, 3-47 (doublet), 7-86, 8-65, and 11-70 u, and from CF,Cl-CH,F (b. p. 12°) with main 
bands at 3-38, 3-47 (doublet), 8-10, 10-25, and 11-90 u. 

Compound (IV) (0-809 g., 3-72 mmoles) similarly reacted with 10% aqueous sodium 
hydroxide (8 ml.) to give 1,1,2-trifluoroethane (99%) (Found: C, 28-3; H, 3-8%; M, 84. 
Calc. for C,H,F,: C, 28-6; H, 36%; M, 84), b. p. (isoteniscope) 3-0°, and vinylidene fluoride 
(ca. 1%). 1,1,2-Trifluoroethane has b. p. 5° or 3°. The absence of 1,1,1-trifluoroethane 
(b. p. —47°) shows that no rearrangement of fluorine in the alkane has occurred. 

No reaction was detected when the compounds CHF,*CHFCl and CHF,°CH,F were treated 
with 10% aqueous sodium hydroxide under the conditions used above, or even when the 
solution was heated to 70°. 

Reaction of Trichlorosilane with 2-Chloro-1,1,2-trifluoroethyltrichlorosilane.—Trichlorosilane 
(24-7 g., 183 mmoles) and 2-chlcro-1,1,2-trifluoroethyltrichlorosilane (5-0 g., 19-8 mmoles), 
shaken and irradiated for 110 hr., gave unchanged trichlorosilane, silicon tetrachloride (2-0 g., 
11-8 mmoles) (Found: M, 165. Calc. for SiCl,: M, 170), b. p. 57—58°, identified spectro- 
scopically (characteristic band 15-2 yu), and 1,1,2-trifluoroethyltrichlorosilane (2-7 g., 12-4 
mmoles, 63%) (Found: M, 218. Calc. for C,H,Cl,F,Si: M, 217-5), b. p. 97°, spectroscopically 
identical with the compound obtained earlier. 2-Chloro-1,1,2-trifluoroethyltrichlorosilane 
itself is stable photochemically under these conditions. Mixtures of it with trichlorosilane 
remain unchanged when kept in the dark. 

Chlorination of the Compounds CHFCICF,°SiCl, and CH,F-CF,°SiCl,—Compound (I) 
(10-4 g., 41 mmoles) and anhydrous chlorine (5-0 g., 71 mmoles), shaken and irradiated in a 
280-ml. tube for 87 hr., gave residual chlorine, removed by reaction with mercury, hydrogen 
chloride (42 mmoles) (Found: M, 36-5. Calc. for HCl: M, 36-5), and 2,2-dichloro-1,1,2-tri- 
fluoroethyltrichlorosilane (11-1 g., 95%) (Found: C, 8-7; H, 0-1; Cl, 61-8. C,Cl,F,Si requires 
C, 8-4; Cl, 61-99%), b. p. 138°. 

Compound (IV) (4:1 g., 19 mmoles) and chlorine (3-8 g., 53 mmoles), similarly treated for 
168 hr., gave hydrogen chloride (39 mmoles) and 2,2-dichloro-1,1,2-trifluoroethyltrichlorosilane 
(94%), redistilled to give the pure compound (5-0 g., 89%), b. p. 1837—-139°, spectroscopically 
identical with the compound obtained above. 

When 2,2-dichloro-1,1,2-trifluoroethyltrichlorosilane (1-62 g., 5-65 mmoles) had been 
shaken in a 330-ml. tube with 10% aqueous sodium hydroxide (10 ml.) for 30 min., 1,1-di- 
chloro-1,2,2-trifluoroethane (87%), and chlorotrifluoroethylene (13%) were obtained. 1,1-Di- 
chloro-1,2,2-trifluoroethane is stable to aqueous alkali under these conditions. 

Synthesis of 1,1-Dichloro-1,2,2-trifluoroethane.—1,1,2,2-Tetrachloroethane (240 g., 1-43 
moles), anhydrous antimony trifluoride (190 g., 1-06 moles), and antimony pentachloride 
(50 g., 0-17 mole), in a 1-1. flask under a reflux condenser maintained at 60° and connected to a 
trap cooled to —78°, were heated under reflux so that steady evolution of product occurred. 
This was washed with 10% aqueous sodium hydroxide, then water, dried (P,O;), and distilled 
to give 1,1-dichloro-2,2-difluoroethane (70-0 g., 36%) (Found: C, 17-8; H, 15%; M, 135. 
C,H,Cl,F, requires C, 17-8; H, 15%; M, 135), b. p. 59—61° (mainly 60°). Gas-—liquid 
chromatography showed that only one compound was present. The more volatile reaction 
products were discarded. 

The dichlorodifluoroethane (23-6 g., 0-175 mole) and chlorine (12-0 g., 0-169 mole), sealed 
in two evacuated 280-ml. silica tubes, were exposed to ultraviolet radiation from a 250 w 
mercury lamp for 13 hr., to give a mixture (24-0 g., 84%) (Found: C, 14-2; H, 0-7%; M, 167. 
Calc. for C,HCI,F,: C, 14-4; H, 06%; M, 169-5), b. p. 71—74°, shown by infrared spectro- 
scopy and gas-liquid chromatography to contain 95% of the compound CHF, °CCl, (b. p. 
73-0°) and 5%, of the compound CF,Cl*CHCI, (b. p. 71-9°). 

The mixture (6-0 g., 35 mmoles) was heated to 130° in a 200-ml]. autoclave with antimony 
trifluoride (2-1 g., 12 mmoles) and antimony pentachloride (1 g.) for 15 hr. The volatile 

10 Swarts, Mem. Couronne Acad. Belg., 1901, 61, 1. 


1 Henne and Rennoll, J. Amer. Chem. Soc., 1936, 58, 889; Young, Fukuhara, and Bigelow, ibid., 
1940, 62, 1171. 
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products were washed with 5% aqueous sodium hydroxide, then distilled to give 1,1-dichloro- 
1,2,2-trifluoroethane (2-8 g., 52%) (Found: C, 15-9; H, 08%; M, 152. C,HCI,F, requires 
C, 15-7; H, 0-65%; M, 153), b. p. (isoteniscope) 30-2°. Gas-liquid chromatography and 
infrared spectroscopy showed that only one compound of formula C,HCI,F, was obtained and 
in particular that the compounds CF,°CHCI, (b. p. 28-7°) and CF,Cl-CHFCI (b. p. 28-2°) were 
absent. A —CCl, group undergoes halogen exchange more easily than a —CF,Cl or —CHCI, 
group. 

Reaction of Trichlorosilane with Trifluoroethylene.—Trichlorosilane (50-0 g., 0-37 mole) and 
trifluoroethylene (8-8 g., 0-11 mole), divided equally between two 250-ml. silica tubes, were 
irradiated as for chlorotrifluoroethylene for 65 hr., to give the 1: 1 adduct, mainly 1,2,2-éri- 
fluoroethylirichlorosilane (12-0 g., 50%) (Found: C, 11-0; H, 0-:9%; M, 219. C,H,Cl,F,Si 
requires C, 11-0; H, 0-9%; M, 217-5), b. p. 104°. 

A sample (0-890 g., 4-11 mmoles) of the adduct reacted immediately when shaken with air- 
free 10% aqueous sodium hydroxide (10 ml.) in a 330-ml. tube for 30 min., to give volatile 
products (4:12 mmoles, 100%) containing 1,1,2-trifluoroethane (90%), 1,2-difluoroethylene 
(9%), and vinylidene fluoride (1%). 1,1,2-Trifluoroethane is stable to aqueous alkali under 
the conditions used above. 


We thank Dr. N. Sheppard, University of Cambridge, for the determination and inter- 
pretation of the nuclear magnetic resonance spectra. One of the authors (J. C. Y.) is indebted 
to Courtaulds’ Scientific and Educational Trust Fund for a Postgraduate Scholarship. 
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872. Nucleophilic Substitution of 9«-Bromo-|1-keto-steroids. 
By J. S. G. Cox. | 


9a-Bromo-11-keto-steroids have been shown +o undergo Sy2’ displace- 
ment, giving 12a-substituted 11-keto-compounds with methoxide and 
hydroxide ions. 


ALTHOUGH the preparation and reactions of «-bromo-keto-steroids have been thoroughly 
investigated, yet, apart from the Faworskii rearrangement,! the action of alkalis has 
received relatively little attention.2, The opportunity of examination of such reactions 
in the case of 9«-bromo-11-ketones of the 5«- and 58-pregnane series presented itself during 
studies directed towards the synthesis of the corresponding 9«-methyl compounds.® 

Alkaline methanolysis of 3«,208-dibenzoyloxy-9«-bromo-58-pregnan-ll-one ** (I) 
caused, in addition to the expected ester hydrolysis, the replacement of bromine by 
methoxyl. The presence of the methoxyl group and the absence of bromine were shown 
by analysis and confirmed by the infrared spectrum, peaks at 2820 (sh) and 1095 cm. 
being characteristic of the methoxyl group.’ Acetylation with acetic anhydride—pyridine 
gave the methoxy-diacetate (IIb). 

The nuclear magnetic resonance spectra of 3a,208-diacetoxy-58-pregnan-11-one ® 
(IIa) and the derived 12-methoxy-compound (IIb) located the methoxyl group unam- 
biguously in position 12. The sharp peak at 121 cycles/sec. ascribed 7 to the two protons 


* For position 20, B is used in Plattner’s sense. 


1 (a) For general review of the Faworskii rearrangement see Jacquier, Bull. Soc. chim. France, 1950, 
p35; cf. Wendler, Graber, and Hazen, Tetrahedron, 1958, 3, 144; Evans, de Paulet, Shoppee, and 
Winternitz, J., 1957, 1451; (6) Loftfield, J. Amer. Chem. Soc., 1951, 78, 4707. 

* Stevens and Farkas, J. Amer. Chem. Soc., 1952, 74, 5352; Gallagher and Long, J. Biol. Chem., 
1946, 162, 521. 

% Jones, Meakins, and Stephenson, /., 1958, 2156. 

* Jones and Wluka, /J., 1959, 907. 

® Henbest, Meakins, Nicholls, and Wagland, /., 1957, 1462. 

* Sarett, J]. Amer. Chem. Soc., 1948, 70, 1690. 

? Shoolery and Rogers, J. Amer. Chem. Soc., 1958, 80,5121; Bishop, Cox, and Richards, unpublished 
work. 
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at position 12 (shifted to a lower field by the adjacent carbonyl group) in the spectrum of 
the. ketone (Ila) was absent in the spectrum of the methoxyl derivative (IIb), showing 
that position 12 of the latter was substituted. The very sharp peak at 91 cycles/sec. was 
due to the methoxyl protons whilst the remaining 12-proton appeared as a smaller sharp 
peak (approx. one-third of the area of the methoxyl peak) moved to a lower field than all 






(II) a,R= H; b, R= OMe 





CoHis ; CoHig 





AOFM A : 
4 (III), H (IV) a, R= OAc: b,R= OEt 


AcO 
the other ring protons since it was attached to a carbon atom carrying an oxygen substituent. 
This nucleophilic displacement of bromine is not confined to the 58-pregnane series. 
Treatment of 3$-acetoxy-9a-bromo-ergostan-1l-one * with aqueous-ethanolic potassium 
hydroxide gave a non-crystalline product which was separated (after acetylation with 
acetic anhydride—pyridine) by chromatography on alumina into the 12a-acetoxy- (IVa) 
and the 12-ethoxy-analogue (IVb) of 38-acetoxyergostan-ll-one. The presence of the 
12-acetoxy-group adjacent to the 1l-carbonyl group in compound (IVa) was clearly seen 
from the infrared data, peaks at 1753, 1734, 1238, and 1221 cm. being in excellent agree- 
ment with the values for similar compounds.® These frequency displacements are thought 
to be attributable to dicarbonyl interactions and, as expected, the 12-ethoxy-compound 
([Vb) in which such interactions are not possible, shows a normal 1l-carbonyl band at 
1711 cm.*+, in addition to the strong ether band at 1102 cm.*. 

These displacements provide further examples of Sy2’ reactions in the steroid series, 
previous examples being reported by Fieser and others. The tertiary and axial nature 
of the 9-bromine atom, being ideal for displacement, greatly facilitates the reaction whilst 
the possible competing Sy2 reaction is suppressed by steric factors, t.e., necessitating 
inversion of the B/c ring junction. Mechanistically, the course of the reaction may be 


illustrated as annexed. 
ores OMe 


HO o.7 
——> 
6 4 H 





H 


An alternative mechanism, namely, initial attack by methoxide leading to epoxide 
formation, subsequent cleavage also by OMe~ giving the «-methoxy-ketone, was eliminated 
by the nuclear magnetic resonance data since position 12 is shown to be substituted. 

Normally in Sy2’ reactions the reaction gives double inversion, the new group entering 


8 Henbest, Jones, Wagland, and Wrigley, J., 1955, 2477. 

® Dickson and Page, j., 1955, 447. 

© Fieser and Romero, J. Amer. Chem. Soc., 1953, 75, 4716; Sondheimer, Kaufmann, Romo, Martinez, 
and Rosenkranz, ibid., p. 4712; Herran, Rosenkranz, and Sondheimer, Chem. and Ind., 1953, 824; 
Ireland, Wrigley, and Young, J. Amer. Chem. Soc., 1959, 81, 2818. 
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from the same side of the molecule as the group which is displaced. Since in this series 
of reactions epimerisation at position 12 may take place under alkaline conditions, the 
reaction is probably thermodynamically controlled. However, the configuration of the 
acetoxy-group (12« axial) in compound (IVa) follows from the optical rotatory dispersion 
curve in methanol (kindly determined by Dr. W. Klyne), the results being in excellent 
agreement with those reported by Djerassi e¢ al.’ * 

In all these reactions it is remarkable that no elimination (£,) occurs in spite of the 
ready dehydrobromination of these a-bromo-ketones with bases such as pyridine.4§ 
(Tertiary bromo)-ketones are readily converted by hydrogen bromide into the secondary 
isomers.!* In certain cases, ¢.g., 9«-bromo-11-ketones, this rearrangement could proceed 
by a similar Sy2’ mechanism, acid-catalysed enolisation of the ketone, followed by 
nucleophilic attack by bromide ion, being the necessary steps, ¢.g.: 





The reaction may be thought of as a double inversion involving the two ends of the 
allylic system, thus giving the correct stereochemistry for the incoming group, e¢.g., 
9«-bromo-11-ketones —» 12«-bromo-11-ketones.®-4 


EXPERIMENTAL 


M. p.s were determined on a Kofler block and are corrected. Rotations were measured 
for CHCl, solutions at room temperature, infrared spectra (unless otherwise specified) for CS, 
and ultraviolet absorption spectra for EtOH solutions. Usually bv alumina used for chromato- 
graphy was prepared by deactivating Peter Spence’s Grade ‘‘H”’ alumina with 5% of 10% 
acetic acid. Light petroleum refers to the fraction of b. p. Nh A 

Nuclear Magnetic Resonance Spectra.—Spectra were obtained at 29-92 megacycles/sec. in 
a magnetic field of ~7000 gauss. The compounds were studied in ~0-2m-solution in ‘‘ AnalaR ” 
chloroform. 

The zero of reference in each spectrum was taken as the resonance position of pure benzene 
contained in an external capillary. The shift values of the sharp peaks in the spectrum of 
each steroid were determined by the audiofrequency side-band method ' in cycles/sec. and 
could be reproduced to within } cycle/sec. The spectrometer employed for these measurements 
has been described by Leane et al. 

Alkaline Treatment of 3a,208-Dibenzoyloxy-9a-bromo-58-pregnan- | 1-one.—3a,208-Dibenzoyl- 
oxy-9a-bromo-58-pregnan-ll-one (2 g.) was heated in methanolic 10% potassium hydroxide 
(200 c.c.) under reflux for 8 hr. Isolation of the product through chloroform and crystallisation 
from acetone gave 3a,208-dihydroxy-12a-methoxy-58-pregnan-ll-one as prisms (0-92 g.), m. p. 
203—204°, [a],, +39° (c 5-0) (Found: C, 72-8; H, 10-3; OMe, 9-3. C,,H;,O0, requires C, 72-5; 
H, 10-0; OMe, 8-5%), Vmax, 3560, 2820 (sh) (OMe), 1712, and 1095 cm.4. Reaction with acetic 
anhydride—pyridine at room temperature overnight gave the 3a,208-diacetate as needles (from 


* Comparison of optical rotatory dispersion curves (in methanol) : 
Me 3a,12é-diacetoxy-11-oxo-58-cholenates (12a axial) !* 
Peak +5750° (335 mp) ya +73 128, equatorial 
Trough —1590° (290 my) Peak +2700° (310 my) }a 4 28 
Trough —75° (278 mp) 
38,12a-Diacetoxy-5a-ergostan-1l-one (present work) 
Peak +4550° (330 my) \a + 85 
Trough —4000° (277 my) 
1 Stork and White, /. Amer. Chem. Soc., 1953, 75, 4119. 
2 Djerassi, Halpern, Schindler, and Tamm, Helv. Chim. Acta, 1958, 41, 250. 
13 Heilbron, Jones, and Spring, J., 1937, 801. 
'* Arnold and Packard, J. Chem. Phys., 1951, 19, 1608. 
‘8 Leane, Richards, and Schaefer, ]. Sci. Instr., 1959, 36, 230. 
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methanol), m. p. 182—183°, [a|,, +97° (c 2-8) (Found: C, 69-8; H, 9-2. C,,H4O, requires 
C, 69-6; H, 9-0%), vmax, 2800 (sh) (OMe), 1740, 1710, 1238, and 1097 cm... The compound 
was recovered unchanged from a solution in phosphorus oxychloride—pyridine at 90° after 2 hr. 

Alkaline Treatment of 38-Acetoxy-9a-bromcergostan-11-one.—38-Acetoxy-9a-bromoergostan- 
l1l-one (553 mg.) was heated in ethanolic 5% potassium hydroxide (50 c.c.) under reflux for 1 hr. 
Isolation of the product through ether gave an oil (410 mg.), [@),, +45° (c 2-1). Infrared 
examination of this product showed complete removal of the acetoxy-group and the disappear- 
ance of C-Br bands (785 and 744 cm.%). Reaction with acetic anhydride—pyridine and 
crystallisation from methanol gave an acetate mixture, m. p. 160—166° (300 mg.) (Br absent), 
(aj, +46° (c 3-1). This mixture (280 mg.) in light petroleum was chromatographed on alumina 
(8 g.). The column was eluted with (a) light petroleum—benzene (9:1; 100 c.c.), (6) light 
petroleum-—benzene (4:1; 100 c.c.), and (c) benzene (200 c.c.). Evaporation of fractions (a) 
and (b) gave 38-acetoxy-12a-ethoxyergostan-1l-one (140 mg.) as prisms (from methanol), m. p. 
152—153°, [a],, +42° (c 2-0) (Found: C, 76-1; H, 10-4. C,,H;,O, requires C, 76-4; H, 10-8%), 
Vmax, 1736, 1711, 1240, and 1102 cm. (no OH stretching). Fraction (c) gave 38,12«-diacetoxy- 
ergostan-11-one (83 mg.) as needles (from methanol), m. p. 202—204°, {a],, +47° (c 0-7) (Found: 
C, 74:2; H, 9-9. C,,H;,0, requires C, 74-4; H, 10-15%), vmax. 1753, 1734, 1238, and 1221 cm.*. 
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873. Studies on Phosphorylation. Part XXI.1 Keten Imides 
as Reagents in Pyrophosphate Synthesis.” 
By R. J. CREMLYN, G. W. KENNER, and SIR ALEXANDER TopD. 


The reactions of diphenylketen p-tolylimide and of dimethylsulphonyl- 
keten methylimide with phosphates have been studied. With dibenzyl 
and diphenyl hydrogen phosphates, both reagents gave symmetrical pyro- 
phosphates; however, with monobenzyl and monophenyl dihydrogen phos- 
phates only dimethylsulphonylketen methylimide gave pyrophosphates. In 
no case was the hypothetical imidoyl phosphate intermediate isolated, but 
on treatment with an equimolar mixture of dibenzyl and diphenyl hydrogen 
phosphates both ketenimides gave mainly the unsymmetrical pyrophosphate. 


CARBODI-IMIDES are well-established reagents for the condensation of phosphates to 
pyrophosphates, including nucleotide coenzymes.* The chief drawback to their use is 
that, except where special structural features operate, as, for instance, in the synthesis 
of cozymase,* an unsymmetrical pyrophosphate is only produced in random mixture with 
the two symmetrical pyrophosphates. Apparently the hypothetical adduct of a phos- 
phoric acid and a carbodi-imide reacts with a second molecule of phosphoric acid faster 
than it is formed, and hence a two-step process has never been achieved. On the other 
hand, imidoyl phosphates (e.g., II) are reasonably stable and they can be brought into 
reaction with phosphoric acid, yielding pyrophosphates.2, We have therefore investigated 
reactions between keten imides (I) and phosphates, in case they should proceed in two 
distinct and separable stages (1 and 2) through imidoyl phosphates. In the event, this 
possibility has not been realised and the keten imides do not appear to offer practical 
advantages over carbodi-imides which would offset the labour of their preparation. 

Our first experiments were made with diphenylketen #-tolylimide (I; R = Ph, R’ = 
CsH,°CH,) ® and dibenzyl hydrogen phosphate. The slow reaction between them (molar 
ratio 1 : 2) in benzene solution at room temperature was shown by fading of the yellow 

1 Part XX, Brown and Hammond, /J., 1960, 4229. 

® For a preliminary account see Atherton, Morrison, Cremlyn, Kenner, Todd, and Webb, Chem. and 
Tnd., 1955, 1183. 

* Khorana and Todd, /J., 1953, 2257; Todd, Chem. Soc. Special Publ. No, 8, 1957, 91. 


‘ Hughes, Kenner, and Todd, /J., 1957, 3733. 
5 Stevens and French, J. Amer. Chem. Soc., 1953, 75, 657. 
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colour of the keten imide, and after four days crystalline tetrabenzyl pyrophosphate could 
be directly isolated (44%). In most of our experiments, however, unchanged acid was 
extracted from a reaction mixture with sodium hydrogen carbonate, and then the pyro- 
phosphate was assayed by reaction with cyclohexylamine.* The speed of reaction was 
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approximately the same in acetonitrile solution, considerably greater in nitromethane 
solution (70% after 15 hours), and much less in dimethylformamide solution. Similar 
results were obtained in comparable experiments with diphenyl hydrogen phosphate. 
Surprisingly, however, an equimolar mixture of dibenzyl hydrogen phosphate, diphenyl 
hydrogen phosphate, and diphenylketen /-tolylimide in nitromethane solution gave 
mainly the unsymmetrical dibenzyl diphenyl pyrophosphate, as judged by the amounts 
of dibenzyl N-cyclohexylphosphoramidate and cyclohexylammonium diphenyl phosphate 
isolated after assay. Nevertheless, evidence for the existence of an imidoyl phosphate 
(II) as such in the products of reaction between diphenylketen /-tolylimide and either 
dibenzyl or diphenyl hydrogen phosphate could not be obtained. 

Dimethylsulphonylketen methylimide (I; R = SO,*Me, R’ = Me) is a representative of 
a considerably different class of keten imides accessible through action of diazomethane 
on nitriles,? and its behaviour with phosphates was therefore studied. This compound 
reacted very slowly at room temperature. For example, with dibenzyl hydrogen phos- 
phate in benzene solution practically no pyrophosphate was formed. In acetonitrile 
the pyrophosphate yield was 12% after 5 days, and in nitromethane, under comparable 
conditions, 20% after 2 weeks. A similar experiment with diphenyl hydrogen phosphate 
in nitromethane resulted in a higher pyrophosphate yield (43% after one week). Again, 
it was observed that treatment with an equimolar mixture of dibenzyl and diphenyl 
hydrogen phosphates gave chiefly the unsymmetrical dibenzyl diphenyl pyrophosphate. 
Monobenzyl and monophenyl phosphates also gave moderate yields of pyrophosphates 
with dimethylsulphonylketen methylimide. In the nucleotide series, adenosine-5’ 
phosphate, dissolved in dimethylformamide as its tri-n-octylammonium salt, and benzyl 
dihydrogen phosphate yielded about 30% of the unsymmetrical pyrophosphate, as did 
the condensation by cyclopentanone oxime #-nitrobenzenesulphonate already reported.’ 
A more rational synthesis of this unsymmetrical pyrophosphate was sought in pre- 
liminary condensation of benzyl dihydrogen phosphate and diphenyl hydrogen phosphate, 
followed by an exchange reaction ® with tri-n-octylammonium adenosine-5’ phosphate, 
but the yield was only 10%. 

Although our survey, which included many experiments ® not recorded here, has not 
been fully comprehensive, some general conclusions may be drawn. The initial reaction 
between a keten imide and a phosphoric acid is slow and presumably this step is the transfer 
of proton from oxygen to carbon. Consequently, the keten imide containing the strongly 
electron-withdrawing methylsulphonyl groups is generally less reactive than the diphenyl 
compound; an acidic medium, such as nitromethane, is favourable; and diphenyl hydrogen 
phosphate reacts more quickly than does the more weakly acidic dibenzyl hydrogen 
phosphate. The fact that unsymmetrical pyrophosphates, rather than mixtures of the 
two symmetrical pyrophosphates, are produced from mixtures of phenyl and benzyl 


* Corby, Kenner, and Todd, J., 1952, 1234, 

? Backer and Dijkstra, Rec. Trav. chim., 1954, 78, 575. 
® Chase, Kenner, Todd, and Webb, /., 1956, 1371. 

* Cremlyn, Ph.D. Thesis, Cambridge, 1956. 
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esters of phosphoric acid is probably due to the greater degree of ionization. of di- 
phenyl than of dibenzyl hydrogen phosphate in anhydrous nitromethane. This would 
result in the preferential formation of the imidoyl diphenyl phosphate, and hence, in 
turn, of the unsymmetrical pyrophosphate. The observation that unsymmetrical 
pyrophosphates are produced in this way encouraged us to try condensing mixtures of 
toluene-p-sulphonic acid and phosphoric esters with subsequent addition of a salt of 
a second phosphoric ester, in the hope that a toluene-f-sulphonyl phosphate might be 
formed in the condensation, and that this would undergo an exchange reaction. Pre- 
paratively useful results did not emerge from this work or from attempts to catalyse the 
condensation of phosphoric esters by toluene-p-sulphonic acid. 


EXPERIMENTAL 


Tetvabenzyl Pyrophosphate.—(a) Dibenzyl hydrogen phosphate (0-556 g., 2 mmoles) was 
added to a solution of diphenylketen p-tolylimide (0-283 g., 1 mmole) in dry benzene (10 c.c.). 
After the solution had been kept at room temperature during 4 days, it had become almost 
colourless and a«-dipheny-N-p-tolylacetamide (0-123 g., 41%; m..p. 178—180°) had separ- 
ated. The liquor yielded, by evaporation and recrystallisation of the residue from ether—cyclo- 
hexane, tetrabenzyl pyrophosphate (0-239 g., 44%), m. p. 58—60°. 

(b) Experiment (a) was repeated with anhydrous nitromethane instead of benzene. After 
15 hr. the amide (56%) was collected and the filtrate was diluted with benzene (200 c.c.) before 
being washed with ice-cold 10% sodium hydrogen carbonate solution, from which 20% of the 
dibenzyl hydrogen phosphate was recovered by acidification and extraction with chloroform. 
The benzene solution was washed with water, dried (Na,SO,), and evaporated before being 
treated with a solution of cyclohexylamine (0-48 c.c., 4 mmoles) in benzene (7 c.c.). Next day, 
the precipitated cyclohexylammonium dibenzyl phosphate (73%), m. p. 163—165°, was 
collected and the liquor yielded, after being washed with dilute hydrochloric acid, sodium 
hydrogen carbonate solution, and water, 70% of dibenzyl N-cyclohexylphosphoramidate, 
m. p. 73—75°. 

P!-Dibenzyl P*-Diphenyl Pyrophosphate-—(a) The foregoing experiment (b) was repeated 
with an equimolar mixture of dibenzyl hydrogen phosphate (0-278 g.) and diphenyl hydrogen 
phosphate (0-250 g.) The solution became colourless in a few minutes and next day 89% of 
amide was collected. The acidic fraction (0-042 g.) did not crystallise. Initially the cyclo- 
hexylammonium salt (0-208 g.) had m. p. 187—196°, and recrystallisation of it from methanol- 
ether afforded pure cyclohexylammonium diphenyl] phosphate (0-132 g., 42%), m. p. 195—198°. 
The neutral product from treatment with cyclohexylamine crystallised directly, and recrystal- 
lisation from hexane-chloroform afforded pure dibenzyl N-cyclohexylphosphoramidate 
(0-096 g., 30%). 

(b) The products of reaction with dimethylsulphonylketen methylimide during 5 days at 
room temperature were similar. 

Di(cyclohexylammonium) P'P*-Dibenzyl Pyrophosphate.—A solution of dimethylsulphonyl- 
keten methylimide (0-211 g., 1 mmole) in nitromethane (5 c.c.) was added to a solution of 
benzyl dihydrogen phosphate * (0-376 g., 2 mmoles) in nitromethane (5 c.c.). During 4 days 
at room temperature the solution deposited ««-dimethylsulphonyl-N-methylacetamide (0-142 g., 
62%), m. p. 210—212°. The liquor was evaporated and the residue was extracted with water, 
which was then brought to pH 8 by addition of cyclohexylamine. Recrystallisation of the 
precipitate from aqueous methanol furnished di(cyclohexylammonium) P1P?-dibenzyl pyro- 
phosphate ?° (0-110 g., 30%),"m. p. 213—215° (Found: C, 55-9; H, 7-7; N, 4-9; P, 10-8. 
Calc. for C,,H,,N,O,P,: C, 56-1; H, 7-6; N, 5-0; P, 11-1%). 

Di(cyclohexylammonium) P'P*-Diphenyl Pyrophosphate-—An experiment, like the foregoing, 
with phenyl dihydrogen phosphate (0-348 g., 2 mmoles), including recrystallisation from aqueous 
acetone, furnished di(cyclohexylammonium) P'P?-diphenyl pyrophosphate * (0-163 g., 46%), 
m. p. 245—250° (Found: C, 54-3; ‘H, 7-3; N, 4-9; P, 10-9. Calc. for C,,H,,N,O,P,: C, 54-6; 
H, 7-2; N, 5-3; P, 11-7%). 

Di(cyclohexylammonium) P}-Benzyl P*-Phenyl Pyrophosphate-——An experiment, like the 
two foregoing ones, with benzyl dihydrogen phosphate (0-188 g.) and phenyl dihydrogen 

1 Anand, Clark, Hall, and Todd, J., 1952, 3668, 
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phosphate (0-174 g.), including two recrystallisations from aqueous methanol, furnished 
di(cyclohexylammonium) P'-benzyl P?-phenyl pyrophosphate (0-115 g., 31%), m. p. 220—225° 
(Found: C, 54-7; H, 7-3; N, 5-3; P, 11-0. C,;HyN,O,P, requires C, 55-3; H, 7-4; N, 5-2; 
P, 11-4%). 

P!-Adenosine-5’ P?-Benzyl Pyrophosphate.—Adenosine-5’ phosphate (0-087 g., 0-25 mmole) 
and tri-n-octylamine (0-088 g., 0-25 mmole) were dissolved in hot dimethylformamide (6 c.c.), 
and the cooled solution was mixed with a solution of benzyl dihydrogen phosphate (0-047 g., 
0-25 mmole) in nitromethane (2 c.c.). Dimethylsulphonylketen methylimide (0-157 g., 0-75 
mmole) was added to the mixture which was kept at room temperature during 2 weeks. The 
yield of unsymmetrical pyrophosphate, which was converted into adenosine-5’ phosphate by 
hydrogenolysis, was estimated by the previously described chromatographic techniques *® to 
be 30%. 

We thank the University of Wales for a University Fellowship (R. J. C.), the Rockefeller 


Foundation for their support, and Dr. C. L. Stevens, Wayne State University, for a generous 
sample of diphenylketen p-tolylimide. 
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874. Aliphatic Acids. Part II.1 Some Aliphatic Epoxy-acids 
and Related Compounds. 


By F. J. Jutietti, J. F. McGuire, B. L. Rao, W. A. Ross, 
and (in part) W. A. Cramp. 


The preparation of erythro-6,7- and -9,10-dihydroxyoctadecanoic and 
-13,14-dihydroxydocosanoic acid is described, as is that of the related epoxy- 
acids by different routes. Reduction of the epoxy-acids, and oxidation and 
reduction of some related compounds, have been studied. 


AFTER the hydroxylation of octadec-cis-9-enoic acid by alkaline permanganate ? this 
reaction was widely studied,*‘ and it is now accepted that such a hydroxylation proceeds by 
cis-addition.* Although the optimum conditions * preclude the large-scale preparation of 
the dihydroxy-acid, we have evolved a procedure for the preparation of such acids in 
quantity, the yield being 60—80°% depending on the purity of the olefinic acid; it is 
particularly important that large quantities be handled rapidly. The method has now been 
applied, with success, to the preparation of erythro-6,7-dihydroxyoctadecanoic and erythro- 
13,14-dihydroxydocosanoic acid. 

Although trans-hydroxylation by the use of peracids ®7-® has often been investigated, 
little attention has been paid to the quantitative aspect. We have followed the uptake of 
oxygen quantitatively, employing peracetic acid. For octadec-cis- and -trans-6- and 
-9-enoic and docos-13-enoic acid, the theoretical amount of oxygen is taken up in 10— 
15 min. in a strongly exothermic reaction. The epoxy-acids were isolated in 75—95% 


' Part I, Cramp, Julietti, McGhie, Rao, and Ross, J., 1960, 4257. 

2 Saytzeff, J. Russ. Phys. Chem. Soc., 1885, 17, 417. 

* Griissner and Hazura, Monatsh., 1889, 10, 196, and earlier papers; Edmed, /J., 1898, 627; Albitzky, 
J. Russ. Phys. Chem. Soc., 1899, 31, 76; 1902, 34, 788, 810; Le Sueur, J., 1901, 1313; Nicolet and 
Jurist, J. Amer. Chem. Soc., 1922, 44, 1136; Robinson and Robinson, J., 1925, 175; Hilditch, J., 1926, 
1828; Traynard, Bull. Soc. chim. France, 1952, 19, 323. 

* Lapworth and Mottram, /., 1925, 1628. 

5 Wiberg and Saegebarth, J. Amer. Chem. Soc., 1957, '79, 2822. 

* Braun, ]. Amer. Chem. Soc., 1929, §1, 228; Swern, ibid., 1948, 70, 1235; Swern, Chem. Rev., 1949, 
45,1; ‘‘ Organic Reactions,” John Wiley, New York, 1953, Vol. VII, p. 378; Béeseken and Belinfante, 
Rec. Trav. chim., 1926, 45, 914; Smit, ibid., 1930, 49, 675; Swern, Findley, and Scanlan, J. Amer. 
Chem. Soc., 1944, 66, 1925; Bauer and Bahr, J. prakt. Chem., 1929, 122, 201; Dorée and Pepper, /., 
1942, 477; Findley, Swern, and Scanlan, J. Amer. Chem. Soc., 1945, 67, 412; Smedley-Maclean and 
Pearce, Biochem. ]., 1931, 25, 1252; Schmitz and Wallace, ]. Amer. Oil Chemists’ Soc., 1954, $1, 363. 

7 Mack and Bickford, J. Org. Chem., 1953, 18, 686. 

* Steger and Van Loon, Rec. Trav. chim., 1927, 46, 703, 
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yield. The oxiran ring was opened by boiling glacial acetic acid,’ and after hydrolysis 
60—80°% yields of the vicinal dihydroxy-acids were obtained. Much time is saved if the 
dihydroxy-acid is the desired product, since the intermediate epoxy-acid need not be 
jsolated but may be converted directly into the glycol monoester. 

The principal drawback in the epoxidation of unsaturated acids by perbenzoic acid, 
namely, the separation of the epoxy- and benzoic acids, may be overcome by using an 
ester of the unsaturated acid with subsequent hydrolysis of the epoxy-ester.2 We have 
found that it may also be overcome by using monoperphthalic acid, since phthalic acid is 
virtually insoluble in chloroform or carbon tetrachloride. Monoperphthalic is far 
superior to perbenzoic acid for the epoxidation of olefinic acids, although this application 
appears to have been confined so far to epoxidation of octadec-cis-11-enoic acid.® 

The above methods of epoxidation require that very pure olefinic acids be available. 
This is rarely the case with the naturally occurring acids, particularly octadec-cis-9-enoic 
acid, although comparatively impure olefinic acids are readily hydroxylated to the easily 
purified dihydroxy-acids. Accordingly, we investigated the possibility of using vicinal 
dihydroxy-acids as intermediates in the preparation of epoxy-acids. 

The first recorded conversion of an «$-glycol into the oxide is that of ethylene glycol via 
ethylene chlorohydrin into ethylene oxide by Wurtz;!° and this procedure has been 
applied by King !! to the interconversion (via the epoxy-acids) of erythro- and threo-9,10-di- 
hydroxyoctadecanoic acid. Such a transformation had been previously carried out by 
Albitzky,!* employing hydrogen bromide in glacial acetic acid at 100° for interconversion 
of erythro- and threo-9,10-dihydroxyoctadecanoic and -13,14-dihydroxydocosanoic acid. 
The yields of intermediate epoxy-acids isolated were low, owing no doubt to the drastic 
conditions employed. More recently, Myers has used this route for the interconversion 
of the isomeric 2,3-dihydroxyoctadecanoic acids, and for their conversion into cis- and 
trans-2,3-epoxyoctadecanoic acid. However, no general procedure has been evolved for 
the conversion of «8-glycols into epoxides. 

The literature contains conflicting reports as to the interaction of vicinal glycols and 
hydrogen bromide. Albitzky !* and Stoll e¢ al.“ report the formation of acetoxy-bromides, 
whereas Baudart ® and Hunsdiecker !* claim the isolation of dibromides. Ames and 
Bowman?’ in a careful investigation found that even at elevated temperatures the 
prolonged action of hydrogen bromide failed to convert «$-glycols completely into the 
corresponding dibromides, although this conversion rapidly occurred in the presence of 
concentrated sulphuric acid. We have confirmed their report and have found that 
sulphuric acid may be replaced by phosphoric acid. Moreover, we have observed that 
vicinal dihydroxy-acids are readily converted by hydrogen bromide in acetic acid at room 
temperature into acetoxy-bromides; these proved, in agreement with Albitzky,™ to be 
viscous oils, but they were converted by alcoholic potassium hydroxide in high yields into 
the desired epoxy-acids. 

Since two Walden inversions are involved, the epoxy-acid will possess the configuration 
of the dihydroxy-acid from which it was obtained; thus erythro-dihydroxy-acids (I) will 
afford cis-epoxides (III), and the isomeric threo-dihydroxy-acids (II) are converted into 
trans-epoxides (IV). 

This procedure appears to be general for the conversion of vicinal dihydroxy-acids into 
the related epoxides, and takes place in high yields (78—93%), the results being 


® Hofmann, Lucas, and Sax, 


1% Wurtz, Annalen, 1859, 110, 
" King, J., 1942, 387. 
 Albitzky, J. prakt. Chem., 1903, 67, 289, 357. 

13 Myers, J]. Amer. Chem. Soc., 1952, 74, 1390. 

™ Stoll, Hulstkamp, and Rouvé, Helv. Chim. Acta, 1948, $1, 543. 
1 Baudart, Bull. Soc. chim. France, 1946, 18, 87. 

16 Hunsdiecker, Ber., 1943, 76, 142. 

1” Ames and Bowman, J., 1951, 1079. 


J. Biol. Chem., 1952, 195, 473. 
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summarized in the Table. For comparison the yields of cts- and trans-9,10-epoxyocta- 
decanes are included, although these will be reported on in detail in a later paper. The 
method is a distinct advance since the pure epoxides are formed in high yields from 
unsaturated acids which need not be in a high state of purity. 


Dihydroxyoctadecanoic acid Epoxide Dihydroxydocosanoic acid Epoxide 
CPPEIOOL TB. wosccsesegceceovceses cis- 93% CPYERTO-13,14-  ...eccccecsoeccecees cis- 79% 
i PLAS, FREE EM trans- 78% MIIEIIIIT. nxtanwadechvovcuechdssd trans- 85% 
COTE siiiins tii deedeeivcdcasen cis- 86% Dihydroxyoctadecane 
SGA acicceivenacentersccdsepurs trans- 83% GIRL... sinngeenesatscsivanes cis- 79% 

NEFELI.  Sucecantebonpscanedccses trans- 81% 


We next studied some reactions of the dihydroxy- and epoxy-acids. Lithium alumin- 
ium hydride reduced the dihydroxy-acids or their methyl esters to the expected triols. 
We thus obtained both forms of octadecane-1,9,10- and -1,6,7-triol and of docosane- 
1,13,14-triol. These were also prepared either by oxidation of the unsaturated alcohol 
with performic acid or of the hydrogen phthalate by alkaline permanganate. 

When the reduction by lithium aluminium hydride was carried out in ether both the 
carboxyl and the oxiran group of the cis-epoxy-acids were reduced, whereas with the 
trans-isomers rapid reduction of only the carboxyl took place. For comparison the epoxy- 
alcohols were prepared by peracid oxidation of the olefinic alcohols, and from the vicinal 
dihydroxy-alcohols by the method described above. 

Both cis- and trans-epoxy-acids with lithium aluminium hydride in tetrahydrofuran 
gave the diols formed by the reduction of the carbonyl group and reductive fission of the 
oxiran ring. Thus, both cis- and trans-9,10-epoxyoctadecanoic acid afforded a product, 
m. p. 68—69°, shown to be a mixture of octadecane-1,9- and -1,10-diol. For example, 
both 9(10)-oxo-octadecanoic acid (the hydration product of octadec-9-ynoic acid) and the 
9(10)-hydroxyoctadecanoic acid derived from it by reduction with sodium borohydride, 
were reduced by lithium aluminium hydride to the same product, m. p. and mixed m. p. 
68—69°. Alternatively, oxidation of the reduction product afforded 9(10)-oxo-octa- 
decanoic acid, m. p. 72° (semicarbazone, m. p. 101—103°), identical with an authentic 
specimen. 

Since this work was completed, Fore and Bickford ** have reported the catalytic 
reduction of cis-9,10-epoxyoctadecyl acetate to octadecane-1,9(10)-diol, m. p. 62—65° 
(not purified), which on oxidation was converted into 9(10)-oxo-octadecanoic acid and 
without purification thence by a Beckmann rearrangement into a mixture of nonanedioic 


8 Fore and Bickford, ]. Org. Chem., 1959, 24; 620. 
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and decanedioic acid. They concluded that fission of the oxiran ring had taken place in 
both directions. 

The American workers also drew attention to the results of Mack and Bickford,? who 
reported the unidirectional opening of the oxiran ring in the catalytic reduction of cis- and 
trans-9,10-epoxyoctadecanoic acid, which afforded solely 10-hydroxyoctadecanoic acid. 
Since we have shown that hydride reduction of both cis- and trans-9,10-epoxyoctadecanoic 
acid afforded the same mixture of octadecanediols, we re-investigated the problem, 
Repetition of the work of Mack and Bickford gave experimental results identical with 
theirs. The melting point of the hydroxy-acid is in good agreement with that of synthetic 
10-hydroxyoctadecanoic acid prepared by ourselves and by others. However, the melting 
point (71—72°) of the derived oxo-acid is not, since we have in another connection shown 
it to have m. p. 82—82-5°. We have already drawn attention to discrepancies in the 
melting points for the semicarbazones of 9- and 10-oxo-octadecanoic acid,!* synthetic 
specimens giving semicarbazones, m. p. 110—111° and 117—118° respectively. A melting 
point of 72° for the oxo-acid and 101—102° for the derived semicarbazone are those 
obtained for the ~2:3 mixture of 9- and 10-oxo-octadecanoic acids obtained by the 
hydration of octadec-9-ynoic acid. We conclude that hydrogenation of cis- and trans- 
9,10-epoxyoctadecanoic acid is not unidirectional as postulated by Mack and Bickford,’ but 
leads to a mixture of 9- and 10-hydroxyoctadecanoic acid. 

Moreover, we reduced synthetic 10-hydroxyoctadecanoic acid with lithium aluminium 
hydride to octadecane-1,10-diol, m. p. 70°. Similar reduction of the catalytic reduction 
product from either cis- or trans-9,10-epoxyoctadecanoic acid also afforded a product of 
m. p. 69—70°, but a mixed melting point was depressed by 5—6°. 

Under similar conditions both cis- and trans-6,7-epoxyoctadecanoic acid on catalytic 
reduction gave 6(7)-hydroxyoctadecanoic acid, m. p. 73—74°, identical with an authentic 
specimen prepared either by hydroxylation of octadec-cis-6-enoic acid or by borohydride 
reduction of 6(7)-oxo-octadecanoic acid (itself prepared by hydration of octadec-6-ynoic 
acid). Depending upon the reaction conditions, cis- and trans-6,7-epoxyoctadecanoic acid, 
when reduced by lithium aluminium hydride in ether, afforded either cis- or trans-6,7- 
epoxyoctadecan-l-ol, m. p. 52—53° and 56—58° respectively, whereas in tetrahydrofuran, 
or by prolonged reaction in ether, octadecane-1,6(7)-diol, m. p. 69—76°, was isolated. This 
product was also formed by reduction of 6(7)-hydroxyoctadecanoic acid with lithium 
aluminium hydride. 

Likewise, catalytic reduction of cis- and trans-13,14-epoxydocosanoic acid afforded 
13(14)-hydroxydocosanoic acid, m. p. 88°, identical with the hydration product of docos- 
13-ynoic acid. Confirmation was obtained by oxidation to 13(14)-oxodocosanoic acid, 
m. p. 83—84° (semicarbazone, m. p. 107—108°), showing no depression with the hydration 
product of docos-13-ynoic acid. Reduction of the epoxy-acids with lithium aluminium 
hydride in ether gave cis- and trans-13,14-epoxydocosan-l-ol, m. p. 66—67° and 63—64° 
respectively, whereas in tetrahydrofuran, or in ether under reflux, docosane-1,13(14)-diol, 
m. p. 783—79°, was obtained, identical with the hydride reduction product of either 13(14)- 
oxo- or 13(14)-hydroxy-docosanoic acid. 

We wish to emphasize that the oxiran ring of the ¢rans-epoxy-acid is much more 
resistant to reductive fission than that of the cis-isomer. 
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EXPERIMENTAL 


erythro-Dihydroxy Acids.—Potassium permanganate (30 g.) in water (1 1.) was slowly added 
to a stirred solution of octadec-cis-9-enoic acid (30 g.) in water (3 1.) containing potassium 
hydroxide (30 g.) at 0—5°. Stirring was continued for a further 15 min., and then were added 
sodium hydrogen sulphite (30 g.) in water (100 ml.) followed by 17% w/v hydrochloric acid 
(300 ml.). After a further 5 minutes’ stirring, the mixture was set aside, then the aqueous 


19 Grey, McGhie, and Ross, J., 1960, 1502. 
*© Robinson and Robinson, J., 1926, 2204. 
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layer which separated was siphoned off and the solid was filtered off, pressed as dry as possible, 
and heated to boiling with ethyl acetate (400 ml.). The aqueous layer was removed and the 
hot ethyl acetate solution filtered and concentrated. erythro-9,10-Dihydroxyoctadecanoic acid 
which separated on cooling was filtered off and after being washed with light petroleum (b. p. 
60—80°; 300 ml.) had m. p. 127—128°. Recrystallization from ethyl acetate afforded the pure 
dihydroxy-acid, m. p. 131—132° (50—-60%). 

By the same procedure, erythro-6,7-dihydroxyoctadecanoic acid, m. p. 124—125°, was 
prepared from octadec-cis-6-enoic acid in 65—70% yield. 

For the preparation of erythro-13,14-dihydroxydocosanoic acid, the permanganate was added 
at room temperature, and it was advantageous to leave the reaction mixture overnight. 
Processing as described above afforded erythro-13,14-dihydroxydocosanoic acid, m. p. 131— 
132° (70—75%). 

Oxidation of Unsaturated Acids by Peracetic Acid.—The oxidation of octadec-cis-9-enoic acid 
may be regarded as typical. The product may be processed to give either the epoxy- or the 
dihydroxy-acid. 

(a) Isolation of epoxy-acid. Octadec-cis-9-enoic acid (20 g.) in chloroform (100 ml.) was 
treated with an excess of peracetic acid solution (15 ml.; 1 ml. = 0-08 g. of active O). Unless 
cooling was employed the reaction mixture boiled. After 15 min., titration indicated the 
theoretical uptake of oxygen. The mixture was left for a further 45 min., then the residual 
peracid was removed by repeated washing with water. Removal of the solvent afforded an 
oil, which solidified. Crystallization from acetone, at 0°, gave cis-9,10-epoxyoctadecanoic acid 
(16 g.), m. p. 59°. 

By this procedure, with the same quantities of reactants, octadec-trans-9-enoic acid gave 
trans-9,10-epoxyoctadecanoic acid (15-6 g.), m. p. 55°, octadec-cis-6-enoic acid gave cis-6,7- 
epoxyoctadecanoic acid (16-1 g.), m. p. 60—61°, and octadec-trans-6-enoic acid gave trans-6,7- 
epoxyoctadecanoic acid (15-3 g.), m. p. 67—68°. Docos-cis-13-enoic acid afforded cis-13,14- 
epoxydocosanoic acid (18 g.), m. p. 63-5°, and docos-trans-13-enoic acid gave trans-13,14-epoxy- 
docosanoic acid (16-2 g.), m. p. 70°. 

(b) Formation of dihydroxy-acid. The product from procedure (a) (from 100 g. of octadec- 
cis-9-enoic acid) was heated under reflux with glacial acetic acid (500 ml.) (this gave a better 
product than did 90—100% formic acid) for 90 min. After removal of the excess of acetic acid 
under reduced pressure, the product was hydrolysed with 20% sodium hydroxide solution 
(500 ml.) for 1 hr. After acidification, the product was filtered off, dissolved in hot ethyl 
acetate, and processed as described for the erythro-acid, to afford threo-9,10-dihydroxyocta- 
decanoic acid (75 g.), m. p. 94—95°. Similarly octadec-cis-6-enoic acid (100 g.) afforded 
threo-6,7-dihydroxyoctadecanoic acid (72 g.), m. p. 118—119°, and docos-cis-13-enoic acid 
(100 g.) gave threo-13,14-dihydroxydocosanoic acid (84 g.), m. p. 99—100°. 

Epoxidation of Unsaturated Acids.—The epoxidation of cis-9-octadecenoic acid is typical. 

(a) With perbenzoic acid. Octadec-cis-9-enoic acid (30 g.) in chloroform (50 ml.) was treated 
with an excess ef perbenzoic acid in chloroform (300 ml.; 1 ml. = 0-0085 g. of active O). After 
48 hr. at 0° the excess of peracid was destroyed by potassium iodide solution, and the liberated 
iodine was removed with sodium thiosulphate. After being washed, the chloroform solution 
was evaporated to dryness, and the residue was repeatedly extracted with boiling water to 
remove benzoic acid. The insoluble oil was removed and crystallized from acetone at 0°, 
cis-9,10-epoxyoctadecanoic acid (12 g.), m. p. 59°, being obtained. Treated similarly, octadec- 
trans-9-enoic acid (15 g.) gave trans-9,10-epoxyoctadecanoic acid (10 g.), m. p. 55-5°; 
octadec-cis-6-enoic acid (10 g.) gave cis-6,7-epoxyoctadecanoic acid (7-1 g.), m. p. 60°; the 
tvans-6-enoic acid (5 g.) gave the trans-epoxide (3-6 g.), m. p. 67°; docos-cis-13-enoic acid 
(35 g.) gave cis-13,14-epoxydocosanoic acid (25-4 g.), m. p. 63-5°, and its ¢vans-isomer (15 g.) 
gave trans-epoxide (12 g.), m. p. 70°. 

(b) With monoperphthalic acid. The monoperphthalic acid was prepared according to the 
method given by Fieser.*! 

Octadec-cis-9-enoic acid (10 g.) in ether (150 ml.) was treated with ethereal monoperphthalic 
acid (150 ml.; 1 ml. = 0-006 g. of active O). After 7 days the phthalic acid which had separated 
was filtered off, the excess of peracid was destroyed with potassium iodide, and the iodine was 
then removed with sodium thiosulphate. The ethereal solution was washed, and after removal 
of the ether the residue was digested with chloroform. After cooling in ice for 30 min., the 

*1 Fieser, ‘‘ Experiments in Organic Chemistry,”” Heath and Co., Boston, 1955, p. 329. 
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phthalic acid was filtered off, the chloroform solution was evaporated, and the residue 
crystallized from acetone at 0°, to give cis-9,10-2poxyoctadecanoic acid (8-5 g.), m. p. 59-5°. 

Epoxidation of octadec-trans-9- and -cis- and -trans-6-enoic and of docos-cis- and trans-13- 
enoic acid under identical conditions afforded the corresponding epoxy-acids, the respective 
yields being 10, 9-0, 8-4, 8-4, and 8-0 g. 

Conversion of Dihydroxy-acids into Epoxy-acids.—The conversion of erythro-9,10-dihydroxy- 
octadecanoic acid is typical. erythro-9,10-Dihydroxyoctadecanoic acid (20 g.) was dissolved 
with shaking in a solution (d 1-3; 200 ml.) of hydrogen bromide in glacial acetic acid, shaken 
for a further 3 hr., and left overnight. The product obtained on dilution with water and 
exhaustive extraction with light petroleum (b. p. 60—80°) and washing and evaporation of the 
solvent, was a viscous oil. This was heated with 0-5n-alcoholic potassium hydroxide (200 ml.) 
for lhr. On dilution with water, acidification with 50% acetic acid precipitated a solid, which 
was filtered off, washed, taken up in benzene, and dried azeotropically. After removal of the 
benzene, the residue was digested with light petroleum (b. p. 60—80°) and filtered from any 
insoluble dihydroxy-acid. Removal of the solvent and crystallization of the residue from 
acetone or acetone-light petroleum (b. p. 40—60°) at 0° gave cis-9,10-epoxyoctadecanoic acid 
(17-5 g.), m. p. 59°, identical with an authentic specimen. 

Similarly, threo-9,10-dihydroxyoctadecanoic acid (10 g.) afforded trans-9,10-epoxyocta- 
decanoic acid (7-3 g.), m. p. 55°; erythro- and threo-6,7-dihydroxyoctadecanoic acid (10 g.) 
yielded cis- and trans-epoxyoctadecanoic acid (8-1 and 7-8 g.), m. p. 60° and 67° respectively; 
erythro- and threo-13,14- -dihydroxydocosancic acid gave cis- and trans-13,14- -epoxydocosanoic 
acid (7-4 and 8-0 g.), m. p. 63-5° and 70° respectively. 

Reduction of Dihydroxy-acids by Lithium Aluminium Hydride.—erythro-9,10-Dihydroxyocta- 
decanoic acid or its methyl] ester (10 g.) was dissolved or suspended in anhydrous tetrahydro- 
furan or ether (100 ml.), and added to a stirred slurry of lithium aluminium hydride (5 g.) in 
ether (150 ml.). The mixture was stirred for 60 min. under reflux after the addition 
was complete (in the case of the erythro- and threo-13,14-dihydroxydocosanoic acid or their 
methyl esters, the reaction time was extended to 3 hr.). The excess of hydride was destroyed 
by dropwise addition of moist ether, and the mixture was then acidified with 0-1N-sulphuric 
acid. The organic layer was washed with distilled water, alkali, and finally water. After 
removal of the solvent the solid residue was dried azeotropically with benzene and crystallized 
from hexane-acetone, affording erythro-octadecane-1,9,10-triol (8 g.), m. p. 128—129°. 

Similarly threo-9,10-dihydroxyoctadecanoic: acid or its methyl ester (5 g.) afforded threo- 
octadecane-1,9,10-triol (4-5 g.), m. p. 82-5°; erythro- and threo-6,7-dihydroxyoctadecanoic acid 
or their methyl esters (5 g.) afforded erythro- (3-6 g.), m. p. 131—132° (Found: C, 71-7; H, 12-5 
CisH3,0, requires C, 71-5; H, 12-7%), and threo-octadecane-1,6,7-triol (3-2 g.), m. p. 85—87° 
(Found: C, 71-7; H, 12-5%); and erythro- and threo-13,14-dihydroxydocosanoic acid or their 
methyl esters (2-5 g.) afforded erythro- (1-6 g.), m. p. 128—129° (Found: C, 73-45; H, 12-9. 
C.H,.O, requires C, 73-7; H, 12-9%), and threo-docosane-1,13,14-triol (1-9 g.), m. p. 90° (Found: 
C, 73-6; H, 12-9%). 

For comparison these four triols were also prepared by oxidation of the hydrogen phthalate 
of the unsaturated alcohols with alkaline permanganate, or by epoxidation of the alcohols 
followed by hydrolysis of the epoxide ring. The unsaturated alcohols were prepared by 
reduction of the corresponding unsaturated acids or their methyl esters. 

Preparation of Octadec-cis-6-en-1-ol_—This may be regarded as typical of the method 
adopted. 

Octadec-cis-6-enoic acid (2 g.) in dry ether (80 ml.) was added in 15 min. to a stirred slurry of 
lithium aluminium hydride (1 g.) in dry ether (20 ml.). Stirring was continued for a further 
45min. The usual procedure gave an oil, which crystallized from light petroleum (b. p. 40— 
60°) at 0°, yielding needles of octadec-cis-6-en-1-ol (1-3 g.), m. p. 29—30° (Found: C, 80-2; H, 
13-1. C,,H 3,0 requires C, 80-5; H, 13-3%). 

Octadec-trans-6-en-1-ol (1-8 g. from 2-5 g.) had m. p. 42—43° (Found: C, 80-3; H, 13-2%); 
docos-cis-13-en-1-ol (3-0 g. from 5-0 g.) had m. p. 34—35°, crystallizing from light petroleum 
(b. p. 40—60°) at 0° (characterized as the dibromide, m. p. 44—45°); docos-trans-13-en-1-ol 
(3:1 g. from 5-0 g.), m. p. 50—51°, crystallized in needles from light petroleum (b. p. 40—60°) 
(Found: C, 81-2; H, 13-8. C,,H,,O requires C, 81-4; H, 13-7%). 

The hydrogen phthalates of the unsaturated alcohols were prepared in the usual manner by 
using pyridine and phthalic anhydride. 
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Octadec-cis-6-enyl hydrogen phthalate had m. p. 30—32°, and the #rans-isomer m. p. 42— 
44°; docos-cis-13-enyl hydrogen phthalate had m. p. 35—37°, and the érans-isomer m. p, 
57—58°. 

Oxidation of Hydrogen Phthalates by Alkaline Permanganate.—Octadec-cis-6-enyl hydrogen 
phthalate (1 g.) in 1-2% aqueous sodium hydroxide (250 ml.) was treated, with stirring, with 
potassium permanganate (1 g.) in water (100 ml.). After 15 minutes’ stirring, the excess of 
permanganate was decomposed with sodium hydrogen sulphite, and the whole was acidified 
with 17% hydrochloric acid and extracted with ether. After being washed, the ether extracts 
were evaporated and the oily residue was hydrolysed by 3N-sodium hydroxide (20 mI.) at 100° 
for 1 hr. The alkaline solution was diluted with water and extracted with hot ethyl acetate, 
The ethyl acetate solution was washed and concentrated, whereupon small needles of erythro- 
octadecane-1,6,7-triol (0-35 g.; m. p. 131—132°) separated. This was identical with the 
reduction product from erythro-6,7-dihydroxyoctadecanoic acid. 

Similarly was obtained threo-octadecane-1,6,7-triol (0-15 g. from 1 g.), m. p. 85—86°, identical 
with a specimen prepared by hydride reduction of threo-6,7-dihydroxyoctadecanoic acid. 

Oxidation of Unsaturated Alcohols with Performic Acid.—Octadec-cis-6-en-1-ol (3 g.) in formic 
acid (18 ml.) was treated, with stirring, with hydrogen peroxide (100-vol.; 3 ml.). The temper- 
ature rose and was kept at 40° for 2 hr. Removal of the solvent yielded a brown oil, which was 
hydrolysed with 3N-sodium hydroxide (50 ml.) for 1 hr. at 100°. Acidification with 17% hydro- 
chloric acid gave a pale yellow solid, which was filtered off, washed, and dried azeotropically 
with benzene. Crystallization from ethyl acetate afforded small plates of threo-octadecane- 
1,6,7-triol (2 g.), m. p. 85—86°. 

Similarly octadec-trans-6-en-1l-ol (3 g.) afforded leaflets of the erythro-triol (2-4 g.), m. p. 
132°. 

erythro- and threo-Docosane-1,13,14-triol were prepared similarly. The erythro-triol 
(0-75 g. from 1 g.) had m. p. 128—129°, and the ¢hreo-triol (0-6 g. from 1 g.) had m. p. 90°. 

Reduction of Epoxy-acids by Lithium Aluminium Hydride.—(a) In ether. cis-9,10-Epoxy- 
octadecanoic acid or its methyl ester (10 g.) in anhydrous ether (100 ml.) was added to a stirred 
slurry of lithium aluminium hydride (5 g.) in ether (500 ml.). After 15 min., the excess of 
hydride was destroyed by acetone, and the whole was acidified with 0-1N-sulphuric acid. 
Evaporation of the washed and dried (Na,SO,) ethereal layer left an oil, which readily solidified. 
This was crystallised from acetone at 0° to give octadecane-1,9(10)-diol (6-9 g.), m. p. 69—70° 
(Found: C, 75-9; H, 13-2. Calc. for C,,H,,0,: C, 75-5; H, 134%). 

Similarly, cis-6,7-epoxyoctadecanoic acid (10 g.) afforded a diol (6-5 g.), m. p. 69—70° 
(Found: C, 75-7; H, 130%); also cis-13,14-epoxydocosanoic acid (2 g.) gave docosane-1,13(14)- 
diol (1-5 g.), m. p. 783—79° (Found: C, 77:3; H, 13-3. C,,H4,O, requires C, 77-2; H, 13-5%). 

Under identical conditions the trans-epoxy-acids afforded the epoxy-alcohols, namely, 
trans-9,10-epoxyoctadecan-1-ol (4 g. from 5 g.), m. p. 49—50° (from alcohol) (Found: C, 75-9; 
H, 12-7. Calc. for C,,H,,0,: C, 76-0; H, 12-8%), trans-6,7-eporyoctadecan-l-ol (1-7 g. from 
2-0 g.), m. p. 56—58° (from hexane) (Found: C, 76-1; H, 13-0%), and trans-13,14-epoxydocosan- 
1-ol (4 g. from 5 g.), m. p. 63—64° (from alcohol) (Found: C, 77-8; H, 10-6. C,.H,,O, requires 
C, 77-6; H, 10-6%). 

The last two epoxy-alcohols were also prepared by epoxidation of the corresponding ¢trans- 
unsaturated alcohols with peracetic or perbenzoic acid. These products were identical with 
those prepared by reduction of the trans-epoxy-acids with lithium aluminium hydride: 

(b) In tetrahvdrofuran. cis- or trans-9,10-Epoxyoctadecanoic acid or its methyl] ester (2 g.) 
in tetrahydrofuran (100 ml.) was added in 15 min. to a stirred suspension of lithium aluminium 
hydride (2 g.) in tetrahydrofuran (100 ml.). The mixture was heated under reflux for 90 min. 
The product, isolated as in (a), had m. p. 69—70° (Found: C, 75-6; H, 13-1. Calc. for C,,H3,0,: 
C, 75-5; H, 13-4%). 

Likewise, cis- and tvans-6,7-epoxyoctadecanoic acid (2 g.) afforded the diol (1-3 g.), m. p. 
68—70° (Found: C, 76-8; H, 13-2%), and cis- and trans-13,14-epoxydocosanoic acid (2-5 g.) 
gave a diol (1-8 g.), m. p. 78—79° (Found: C, 77-4; H, 134%). 

Reduction of Hydroxy- and Keto-acids by Lithium Aluminium Hydride.—9(10)-Hydroxy- or 
9(10)-oxo-octadecanoic acid (5 g.) in ether (100 ml.) was added in 15 min. to a stirred slurry of 
lithium aluminium hydride (5 g.) in ether (200 ml.). After a further 60 minutes’ stirring the 
product was isolated as usual, being octadecane-1,9(10)-diol (4 g.), m. p. 70° (from ethanol). It 
was identical with a specimen prepared by ‘the hydride reduction of cis-9,10-epoxyoctadecanoic 
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acid. A mixed m. p. determination with the product obtained from cis-9,10-epoxyoctadecanoic 
acid by catalytic reduction followed by hydride reduction showed a depression of 5—6°. 

Similarly, 6(7)-hydroxy- or 6(7)-oxo-octadecanoic acid afforded a diol, m. p. 69—70°; . also 
13(14)-hydroxy- or 13(14)-oxo-docosanoic acid gave a diol, m. p. 78—79°. 

Catalytic Reduction of cis- and trans-Epoxy-acids.—cis-9,10-Epoxyoctadecanoic acid (5 g.) 
jn acetic acid (60 ml.) was hydrogenated at room temperature in the presence of 10% palladium— 
charcoal (1-5 g.) for 24 hr. (or for 1 hr. at 80°). The product, isolated in the usual way and 
crystallized from acetone, had m. p. 81° (2-5 g.) (Found: C, 71-9; H, 12-0. Calc. for C,,H,,0,: 
C, 72-0; H, 12-1%). 

trans-9,10-Epoxyoctadecanoic acid (2 g.) was hydrogenated as for the cis-isomer, but for 
48 hr. at 5atm. The crude material (1-95 g.) had m. p. 70°, which on several crystallizations 
was raised to 81° (0-9 g.); it was identical with the product from the cis-isomer. 

The hydrogenation product (0-5 g.) in acetic acid (30 ml.) was oxidized with chromium 
trioxide (0-25 g.) in water (3 ml.) for 2 hr. at 60°. The usual procedure gave a product (0-26 g.), 
m. p. 71° (Found: C, 72-6; H, 11-5. Calc. for CygH,,O,: C, 72-4; H, 11-5%); the semi- 
carbazone had m. p. 101—102° (Found: C, 64:2; H, 10-6; N, 11-7. Calc. for C,gH;,0,N,: C, 
64:2; H, 10-5; N, 11-8%). These values confirm the product as a mixture of 9- and 10-oxo- 
octadecanoic acid containing 58% of 10-oxo-octadecanoic acid. Further, the product was 
identical with a sample prepared by hydration of octadec-9-ynoic acid, which is known to 
form a semicarbazone of m. p. 101—102°. 

By the procedure used for cis-9,10-epoxyoctadecanoic acid, cis-6,7-epoxyoctadecanoic acid 
(5 g.) afforded 6(7)-hydroxyoctadecanotc acid (2-1 g.), m. p. 73—74° (Found: C, 72-1; H, 12-2. 
C,,H,,0, requires C, 72-0; H, 12-1%). Hydrogenation of tvans-6,7-epoxyoctadecanoic acid 
(5 g.), as described for tvans-9,10-epoxyoctadecanoic acid, afforded the same product (1-9 g.), 
m. p. 73—74°. A mixed m. p. with the hydration product of octadec-6-ynoic acid (with formic 
acid) showed no depression. Oxidation gave 6(7)-oxo-octadecanoic acid, m. p. 75—76° (semi- 
carbazone, m. p. 115—116°), identical with a specimen prepared by hydration of octadec-6-ynoic 
acid; the latter keto-acid had m. p. 74—76° and gave a semicarbazone, m. p. 115—116°. 

Similarly, cis- and trans-13,14-epoxydocosanoic acid (5 g.) afforded the same 13(14)-hydroxy- 
docosanoic acid, m. p. 89—-90° (2-1 and 1-3 g. respectively) (Found: C, 74:0; H, 12-3. Calc. 
for C..H4yO3;: C, 74:1; H, 12-4%). Comparison with authentic 13(14)-hydroxydocosanoic 
acid, m. p. 89—-90°, showed them to be identical, whereas oxidation afforded 13(14)-oxodocos- 
anoic acid, m. p. 84° (semicarbazone, m. p. 107——108°), which was identical with the hydration 
product of docos-13-ynoic acid, m. p. 84° (semicarbazone, m. p. 107—108°). 

Oxidation of Octadecane-1,10-diol_—To the diol (2-5 g.) in acetic acid (100 ml.) was added 
chromic acid (2-5 g.) in water (10 ml.) at 40°, during 45 min. After a further 3 hr., any excess 
of oxidant was destroyed by the addition of sodium hydrogen sulphite solution. Subsequent 
dilution with water afforded a greenish solid, which was dissolved in dilute sodium carbonate 
solution, boiled therein for 10 min. and filtered from insoluble material. Acidification afforded 
a white solid (2-0 g.), which crystallized from ethyl acetate, giving 10-oxo-octadecanoic acid, 
m. p. 81—82° (semicarbazone, m. p. 118—119°). 

Similar treatment of the product (2-5 g.) obtained from cis-9,10-epoxyoctadecanoic acid by 
catalytic reduction followed by hydride reduction afforded a product (2-1 g.), m. p. 71° (semi- 
carbazone, m. p. 101—102°). These are the values for a 2:3 mixture of 9/10-oxo-octa- 
decanoic acid. 


We thank the Governors of Chelsea College of Science and Technology for the award of a 
Research Assistantship (to B. L. R.), the D.S.1.R. for a maintenance award (to W. A. C.), and 
Messrs. Laporte for a gift of peracetic acid. 
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875. Cyclodehydrogenation of 0,0'-Quaterphenyl and 4-(Bicyclo- 
hex-|-en-2-yl)biphenyl. 


By P. G. CopELAND, R. E. DEAN, and D. McNEIL. 


When passed over palladium—platinum-charcoal at 490°, 0,0’-quater- 
phenyl was cyclodehydrogenated, giving dibenzo[fg,op]naphthacene, tri- 
phenylene, and 2-phenyltriphenylene. Treatment with aluminium and 
stannic chlorides yielded only isomerisation products. Cyclodehydro- 
genation of 4-(bicyclohex-l-en-2-yl)biphenyl yielded p-terphenyl, 2-phenyl- 
triphenylene, and 0,p’-quaterphenyl. A synthesis of 1-phenyltriphenylene 
is also described. 


THE cyclodehydrogenation over palladium—platinum-charcoal of o-terphenyl, 1-2'-bi- 
phenylyl-3,4-dihydronaphthalene, and the binaphthyls has been reported in previous papers.! 
This reaction has now been extended to the preparation of dibenzo[/g,op}naphthacene (II) 
from o,0’-quaterphenyl (I). Decalin was used as carrier in all these reactions. The value 
of this, and tetralin, in dehydrogenation was first established by Baker et a/. in their 
preparation of azulene from its decahydro-derivative.? Its use in cyclodehydrogenation 
does not appear to have been reported before the present work. 





(1) (IV) 

The yield of dibenzonaphthacene now obtained (25%) represents a marked improve- 
ment over existing methods. After removal of naphthalene from the crude product, 
extraction with light petroleum gave an insoluble fraction identified as the dibenzo- 
naphthacene by its ultraviolet spectrum. Chromatography of the fraction soluble in 
petroleum separated triphenylene (33%) and a compound (7-4%) which was expected to 
be 1-phenyltriphenylene. The infrared spectrum of this compound showed an absorption 
band in the region expected for a phenyl group but its intensity was considerably lower 
than would be expected from an examination of the spectra of other phenyl polynuclear 
compounds, and hence the presence of a phenyl group could not be confirmed by this 
means. That this compound was not the 1-phenyl isomer was established by comparison 
with an authentic specimen prepared by dehydrogenation of the product formed on 
treating 1,2,3,4-tetrahydro-l-oxotriphenylene with phenyl-lithium. The same com- 
pound, however, was formed by the cyclodehydrogenation of 4-(bicyclohex-l-en-2-yl)- 
biphenyl (IV), prepared by dehydrating the product from 2-cyclohex-1’-enylcyclohexanone 
and 4-biphenyl-lithium. It is therefore considered to be 2-phenyltriphenylene (III). 

A small amount of 0,f’-quaterphenyl was also formed in the cyclodehydrogenation of 
the bicyclohexenylbiphenyl; dehydrogenation at a lower temperature with 10% 
palladium-charcoal in p-cymene gave a much improved yield (78%), thus offering an 
alternative synthesis to that described by Dale. 

Considerable breakdown of the carbon skeleton occurred in both cyclodehydrogenations, 

' Copeland, Dean, and McNeil, J., 1960, 1687, 1689. 

2? Baker, Warburton, and Breddy, J., 1953, 4149. 

3 Sako, Bull. Chem. Soc. Japan, 1934, 9, 55; Clar, Ber., 1943, 76, 609; Schubert, Pharmazie, 1954, 


9, 395. 
4 Dale, Acta Chem. Scand., 1957, 11, 640. 
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the quaterphenyl and the bicyclohexenylbiphenyl yielding triphenylene and -terpheny]l, 
respectively, by loss of a terminal phenyl or cyclohexenyl group. This, together with 
the apparent isomerisation of 1- to 2-phenyltriphenylene, has not been observed by us in 
previous work with this catalyst. The l-phenyl isomer appears to achieve stability at 
the high temperature of reaction by loss of a phenyl group, isomerisation, and possibly 
by cyclisation. The tendency of a similar compound, 4-phenylphenanthrene, to cyclise 
to benzo[e]pyrene with palladium-—charcoal at 310° has been reported by Campbell.5 
1-Phenyltriphenylene does not form a picrate, thus resembling 4-phenylphenanthrene; ® 
the 2-phenyl-isomer forms a picrate. 

In an attempt to improve the yield of the dibenzonaphthacene from 0,0’-quaterphenyl, 
the latter was treated with aluminium and stannic chlorides in refluxing benzene. This 
method, although successfully used by Clar and Zander ® to cyclise 9,9’-biphenanthryl to 
dibenzo[b,m}perylene resulted in our case in extensive isomerisation yielding ,p’-, m,m’-, 
and possibly m,p’-quaterphenyl. The identity of the last isomer was based on elementary 
analysis, melting point (the melting points of the six possible isomeric quaterphenyls 
are known), and its infrared spectrum. The spectrum suggests the presence of a meta- 
substituted ring, but the type of substitution in the remaining ring is not easy to establish. 
Examination of the published spectra of a number of monosubstituted terphenyls showed 
that some of these containing a para-substituted ring absorb at a wavelength lower than, 
eg., the p,p’-isomer but at about the same wavelength as that of the one band in the. 
spectrum of our material. 


EXPERIMENTAL 


Light petroleum refers to material of b. p. 60—80°. 

0,0’-Quaterphenyl.—Reaction between 2-iodobiphenyl and copper powder gave the required 
compound, m. p. 118°, in 69% yield’ (Found: C, 94:2; H, 6-0. Calc. for C,,H,,: C, 94-1; 
H, 5-9%). 

Cyclodehydrogenation of 0,0’-Quaterphenyl.—The apparatus has been described elsewhere.! 
In a typical experiment, a solution of the quaterpheny] (4 g.) in decalin (15 ml.) was passed over 
palladium—platinum—charcoal (25 ml.) at 490° together with hydrogen (7—8 l./hr.). The 
product, after removal of naphthalene in steam, was repeatedly extracted with boiling light 
petroleum to give an insoluble fraction, which, on crystallisation from xylene, gave dibenzo- 
[fg,op|naphthacene (0-52 g., 25%) as pale yellow cubes, m. p. 365—366° (Found: C, 95-4; 
H, 4:8. Calc. for C,4H,,: C, 95-3; H, 4-7%). No infrared spectrum was available for com- 
parison but the ultraviolet spectrum was identical with that previously published. Chromato- 
graphy of the petroleum-soluble fraction on activated alumina gave unchanged quaterphenyl 
(1-9 g.) on elution with the same solvent. Elution with increasing amounts of benzene in 
light petroleum gave triphenylene (0-52 g., 33-2%), m. p. and mixed m. p. 199°, and elution 
with benzene yielded 2-phenyltriphenylene (0-15 g., 7-2%) as colourless needles (from light 
petroleum), m. p. 185° (Found: C, 94-5; H, 5-4. C,,H,, requires C, 94-7; H, 5-3%). The 
picrate separated from benzene-light petroleum as orange needles, m. p. 164° (Found: N, 8-2. 
Cy9H,,N,O, requires N, 7-9%). 

3,4-Dihydro-1-phenyltriphenylene.—1,2,3,4-Tetrahydro-l-oxotriphenylene,? m. p. 98—99° 
(5 g.), as a fine suspension in ether (200 ml.), was added dropwise to a solution of phenyl-lithium 
from lithium (0-7 g.) and bromobenzene (7 g.) in ether (70 ml.). After 4 hours’ stirring under 
reflux the mixture was decomposed with ice and dilute acid. The ether layer was separated, 
washed, and dried (MgSO,) and the solvent removed, leaving 3,4-dihydro-1-phenyltriphenylene 
which crystallised from benzene-light petroleum as colourless prisms (3-2 g., 51-4%), m. p. 
196° (Found: C, 94-1; H, 6-0. C,,H,, requires C, 94:1; H, 5-9%). Attempts to isolate the 
intermediate alcohol in this reaction failed. 

1-Phenyltriphenylene.—A slow stream of carbon dioxide was passed through a boiling 

5 Campbell, /., 1954, 3659. 

® Clar and Zander, J., 1958, 1861. 

? Bowden, J., 1931, 1111. 
Wittig and Lehmann, Chem. Ber., 1957, 90, 875. 


8 
* Fieser and Joshel, J. Amer. Chem. Soc.. 1939, 61, 2958. 
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mixture of the above dihydro-compound (0-5 g.), 10% palladium-charcoal (0-4 g.), and p-cymene 
(15 ml.) for 2days. The catalyst was then removed by filtration, and the solvent by distillation, 
Crystallisation of the residue from ethanol gave 1-phenyliriphenylene (0-41 g., 82-5%) as 
colourless needles, m. p. 162° (Found: C, 94-5; H, 5-3. C,,H,, requires C, 94-7; H, 5-3%), 

4-(Bicyclohex-1-en-2-yl) biphenyl.—2-Cyclohex-1’-enylcyclohexanone  (b. p. 143—146°/15 
mm.; 13 g.) in ether (50 ml.) was added dropwise to a solution of 4-biphenyl-lithium from 
lithium (1-3 g.) and 4-iodobiphenyl (15 g.) in ether (200 ml.). After 6 hours’ stirring under 
reflux the mixture was poured on ice and dilute acid. The ethereal layer was separated, the 
solvent removed, and the unchanged ketone removed by distillation in steam. Treatment of 
the oily residue with light petroleum (b. p. 40—60°) gave a white solid (8-8 g.), m. p. 95°. 
Crystallisation from the same solvent gave prisms of 1-(4-biphenyly/)-2-(cyclohex-1-enyl)cyclo- 
hexan-l-ol (7-1 g., 40-5%), m. p. 100° (Found: C, 86-7; H, 8-6. C,,H,,O requires C, 86-7; 
H, 85%). 

This alcohol (5 g.) was distilled (b. p. 267—275°/10 mm.); it gave 4-(bicyclohex-1-en-2-yl)- 
biphenyl (4-2 g., 89%) as a colourless syrup. No suitable solvent could be found for crystal- 
lisation; it was deposited from light petroleum (b. p. 40—60°) or methanol as a white wax, 
m. p. ~75° (Found: C, 91-5; H, 8-4. C,H . requires C, 91-7; H, 8-3%). 

Dehydrogenation of the last hydrocarbon as previously described for 3,4-dihydro-1-phenyl- 
triphenylene yielded 0,p’-quaterphenyl (78%) as colourless needles (from ethanoi), m. p. 118° 
(Found: C, 93-9; H, 6-0. Calc. for C,,H,,: C, 94-1; H, 5-9%). Its infrared spectrum was 
identical with that published.‘ 

Cyclodehydrogenation of 4-(Bicyclohex-1-en-2-yl)biphenyl.—This compound (4 g.) in decalin 
(15 ml.) was cyclodehydrogenated as described for quaterphenyl. Fractional crystallisation 
of the product from benzene-light petroleum gave the following fractions: (a) p-terphenyl, 
plates (0-64 g., 21-8%), m. p. and mixed m. p. 210°; (b) 2-phenyltriphenylene, needles (0-55 g., 
14-2%), m. p. and mixed m. p. with the suspected 2-isomer from quaterphenyl, 185° (the 
infrared spectra are identical); (c) an intermediate fraction (0-42 g.), m. p. 155—160°, probably 
consisting of the two previous compounds; (d) 0,p’-quaterphenyl (0-21 g., 5-4%), m. p. and 
mixed m. p. 118°; and (e) an unidentified fraction (0-23 g:), m. p. 95—102°. 

Isomerisation of 0,0’-Quaterphenyl.—This compound (5 g.), stannic chloride (5 g.), alu- 
minium chloride (5 g.), and benzene (50 ml.) were stirred together under reflux for 1 hr. 
Decomposition of the purple-black complex with 10% hydrochloric acid (200 ml.), followed by 
removal of the benzene in steam, gave an orange semisolid residue. This was dried and 
extracted with warm benzene, leaving ~,p’-quaterphenyl] (0-40 g.), crystallising from xylene as 
leaflets, m. p. 316—317°, mixed m. p. 318° (correct infrared spectrum). Chromatography of 
the benzene-soluble portion on alumina gave a solid (0-7 g.), m. p. ~70°, and a solid (1-77 g,), 
m. p. 163—166°, on elution with light petroleum and benzene respectively. Fractional 
crystallisation of the former solid from light petroleum gave (a) m,m’-quaterphenyl as white 
leaflets (0-35 g., 7-0%), m. p. 85—86° (Bowden ’ gives m. p. 86°) (its identity was confirmed 
by infrared analysis), and (b) m,p’-quaterphenyl, white plates (0-15 g.), m. p. 168° (Woods 
and Tucker ™ give m. p. 166°) (Found: C, 94-0; H, 6-0. Calc. for C,sH,,: C, 94:1; H, 5-9%). 
Crystallisation of the higher-melting solid from benzene-light petroleum gave more of the 
m,p’-isomer (1-44 g., total yield 32%). Elution of the column with ether yielded a further 
quantity of the ~,p’-isomer (0-02 g.; total yield 8-4%). 


We thank Mr. W. G. Wilman for the spectroscopic examinations, and Mr. G. A. Vaughan 
for the analyses. 


Tue Coat TAR RESEARCH ASSOCIATION, OXFORD Roan, 
GoMERSAL, LEEDs. [Received, June 17th, 1960.) 


10 Rapson, J., 1941, 15. 
11 Woods and Tucker, J. Amer. Chem. Soc., 1948, 70, 3340. 
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876. The Search for Chemotherapeutic Amidines. Part XVI.* . 
Amidinoanilino-1,3,5-triazines and Related Compounds. 


By J. N. AsHiey, S. S. BERG, and R. D. MAcDoNALD. 


A series of amidinoanilino-1,3,5-triazines has been prepared. Only 2,4-di- 
p-amidinoanilino-6-amino-1,3,5-triazine had significant activity against 
Trypanosoma congolense. Attempts to improve this activity by various 
modifications to the structure gave less active products. 


In the diamidines of the general formula (I) which have been described so far in this series 
of papers, the group Y has been a hydrocarbon chain, or a nitrogen-, oxygen-, or sulphur- 
containing chain. The present paper describes a series of diamidines and related com- 
pounds in which Y is derived from the heterocyclic 1,3,5-triazine ring. The active 
trypanocide, Surfen C (II), consists of two 4,6-diaminoquinaldine rings joined to an amino- 
1,3,5-triazine ring. Since 4-aminoquinoline can be regarded as a vinylogue of 2-amino- 
quinoline, which is itself a cyclic amidine, Surfen C could be considered as equivalent to 
two amidinoanilino-groups joined to an amino-1,3,5-triazine ring. It was decided to 
synthesise the diamidine (III) in the hope that it would have significant trypanocidal 
activity. This indeed proved to be the case, and although the product, as the trihydro- 
chloride (M & B 2242),+ was less active, it was also much less toxic, than the trypanocides 
in current use (see Table 1). 


TABLE 1. Comparison of activity of M & B 2242 with antrycide and dimidium 
against T. congolense in mice. 


Toxicity Activity * 
Compound (LD50; mg./g., s.c.) (CD50; mg./g., s.c.) 
GE ND Nevccckc tase ecbancnctontsceesssiavietsebns 4:7 0-0375 
Antrycide (methylsulphate) ................0+.0000+ 0-03 0-0015 
SE COI ob cdcaivetesnenccencejinnsocessces 0-06 0-0006 


* These activities were determined by direct comparison on an acute strain of T. congolense 
isolated in Tanganyika in 1933 and received by us in 1952 from the Wellcome Laboratories of Tropical 
Medicine, Euston Road, London. This strain killed mice within 7 days. 

Unfortunately the tri- and di-hydrochloride of this diamidine were only slightly soluble 
in water and the solutions formed gels very rapidly. The following salts, either as solids 
or in the form of aqueous solutions, were prepared in an endeavour to eliminate these 
drawbacks, but none was satisfactory: di- and tri-methanesulphonate, diphosphate, 
di(chloromethanesulphonate), and di- and tri-isethionate. The isethionate salts were 
prepared from the diamidine base and isethionic acid. An attempt was also made to 
prepare an isethionate from the trihydrochloride, using the procedure described by Phillips 
and Baltzly;! this involves the conversion of amine hydrobromides and hydriodides into 
the corresponding hydrochlorides by evaporation of a solution of the amine salt in excess 
of methanolic hydrogen chloride on the steam-bath. In the present instance, the conver- 
sion using the trihydrochloride and isethionic acid was not complete and the resulting 
salt, although mainly isethionate, still contained some hydrochloride. Subsequently the 
(—)-di-o-p-toluoyltartrate ? was prepared; this was an insoluble salt and aqueous suspen- 
sions did not form gels. 

Several methods were investigated for the synthesis of compound (III), and it was 
prepared finally as follows: 

Reaction of cyanuric chloride with ammonia at —15° gave 2-amino-4,6-dichloro-1,3,5- 
triazine 3 which was condensed with p-aminobenzonitrile (2 mol.) in boiling anisole to 


* Part XV, Davis, J., 1958, 907. 
+ This compound is claimed in B.P. 714,449/1954. 
1 Phillips and Baltzly, J. Amer. Chem. Soc., 1952, 74, 5231. 
2 May and Baker Ltd., B.P. 824,908/1959. 
* Diels, Ber., 1899, 32, 691. 
7a 
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give 2-amino-4,6-di-p-cyanoanilino-1,3,5-triazine; this was converted into the diamidine 
by the usual Pinner method, the dinitrile being first converted into a very fine paste with 
ethanol (this was essential in order to obtain a good yield of di-imidoate owing to the very 
slight solubility of the dinitrile in ethanol). The use of anisole, dioxan, or nitrobenzene 
as diluents or adjuncts had no significant effect on the rate bf the reaction or the yield, 
and the presence of chloroform considerably decreased the amount of di-imidoate formed, 

An alternative synthesis, which would have avoided the preparation of the sternutatory 
2-amino-4,6-dichloro-1,3,5-triazine, was investigated. This required the condensation of 
p-aminobenzonitrile (2 mol.) with cyanuric chloride (1 mol.), but the reaction, when carried 
out in chloroform, acetone, or ethyl methyl ketone at temperatures from 25° to the b. p., 
gave only 2,4-dichloro-6-p-cyanoanilino-1,3,5-triazine. Addition of potassium iodide to 
the reactants in boiling acetone or ethyl methyl ketone led to the isolation of 2,4,6-tri-p- 
cyanoanilino-1,3,5-triazine, which was also the only product formed when cyanuric chloride 
and p-aminobenzonitrile were boiled together in acetic acid. This tricyano-compound 
was converted into the corresponding triamidine. 


HN N NH, 
Oe 
HN’ ‘NH, MeN ie 9 wil 
(I) Me 2 (I) Ma 
HN, N ,NH N 
mgm Ye ae'ye 
H,N ‘NH 
Ny )N Ny UN 
(IIT) NH Ray 
N N 
R’ Z R’ NC A R 
Co") Cane 
NN Ny N 
R (V) Cl NH, 
(VI)a: R = -NH S 
(V) R x R ZMe 
a NHEt NH CN - 
b NHMe NH CN (VI)b: R= —NH-[CH,],-NEt, 
c NEt, NH CN 
d OMe NH CN 
e NH, O CN 
f NEt, re) CN nc{_-nenncnn< Yen 
g NH NH — CCNH)*NHMe 
h NH, | NH CCNH)NMe, _— 
i NH, NH NO, (VII) 
j  NEt, NH NO, 
k NH, NH NMeg 
1 NH, NH = NH*{CH,],*NMe, 


The preparation of amidines by fusion of a cyano-compound with ammonium benzene- 
sulphonate in the presence of ammonia has been described by Oxley, Partridge, and 
Short.4 When 2-amino-4,6-di-p-cyanoanilino-1,3,5-triazine was fused with ammonium 
benzenesulphonate the cyanophenyl groups were lost and melamine benzenesulphonate 
was formed. There was extensive decomposition when ammonium isethionate was used 
in a similar fusion. 

In an attempt to improve the chemotherapeutic and physical properties of compound 
(III) the following modifications were made to the structure: (1) The amidino-groups were 
substituted or replaced by other basic groups. (2) The anilino-linkage was replaced by 
a phenoxy-linkage. (3) The heterocyclic amino-group was substituted, or replaced by 

4 Oxley, Partridge, and Short, J., 1948, 303. 
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other groups. (4) The #- was replaced by a m-amidino-group. (5) The p-amidinophenyl 
group was replaced by a dialkylaminoalkyl group. All these modifications caused very 
marked or complete loss of trypanocidal activity. In addition some unsuccessful attempts 
were made to prepare derivatives of compound (III) substituted in the benzene rings. 

The substituted 4,6-dichloro-1,3,5-triazines (IV; R = NH,, NHMe, NHEt, NEt,, and 
OMe) were prepared by reaction of cyanuric chloride with the appropriate amine or alcohol. 
These dichlorotriazines were condensed with two equivalents of the appropriate amine 
(m- or p-aminobenzonitrile, p-nitroaniline) in boiling anisole; the condensations with 
p-dimethylaminoaniline and 3-dimethylaminopropylamine ® were carried out in aqueous 
suspension whilst the reaction of the appropriate dichlorotriazine with p-hydroxybenzo- 
nitrile was effected in aqueous alkali. 

The dicyano-compounds (Va—f) were converted into the di-imidoates and thence into 
the diamidines. 

The N-substituted diamidines (Vg and h) were prepared by treatment of the requisite 
di-imidoate with the appropriate amine. Aqueous solutions (1%) of the dihydrochlorides 
of these diamidines rapidly formed gels. 

The dinitro-compounds (Vi and j) were reduced with stannous chloride to the corre- 
sponding diamines, and these were condensed with cyanamide to give the diguanidines. 
The ditertiary amines (Vk and 1) were converted into the diquaternary salts with methyl 
sulphate. 

2,4-Dichloro-6-p-cyanoanilino-1,3,5-triazine condensed readily with 4,6-diamino- 
quinaldine or 2-diethylaminoethylamine to give the monochloro-compounds (VIa and b). 
Each of these reacted with f-aminobenzonitrile to give the dicyano-compounds which 
were converted into the respective diamidines. 

Amination of 4,6-dichloro-2-p-cyanoanilino-1,3,5-triazine in phenol at 170° gave an 
excellent yield of 4,6-diamino-2-f-cyanoanilino-1,3,5-triazine which was converted into the 
amidine. 

Demethylation of 4,6-di-p-cyanoanilino-2-methoxytriazine by benzylamine as described 
by Thurston e¢ al.6 (for demethylation of 4,6-dianilino-2-methoxy-1,3,5-triazine) gave the 
corresponding 2-hydroxy-derivative. This was a very insoluble compound and no attempt 
was made to convert it into a diamidine. 

Condensation of p-aminobenzonitrile with dicyanimide gave N1N°-di-p-cyanophenyl- 
diguanide (VII) which was converted into the corresponding diamidine; this was effective, 
but not curative, against 7. congolense infections in mice. Condensation of the dicyano- 
compound with acetone, and with ethyl methyl ketone, gave the corresponding dihydro- 
triazines, which were converted into the respective diamidines. 


EXPERIMENTAL 


2-A mino-4,6-dichloro-1,3,5-triazine.—This was first prepared (0-5 molar scale) as described 
by Diels, with ether as solvent for the cyanuric chloride; ammonia was admitted at such a 
rate that, with a cooling-bath at —20° to —25°, the internal temperature did not rise above 
—5°. The product (66—79%) crystallised from benzene in white prisms, m. p. 234—235° 
(decomp.). For the preparation of much larger amounts of this intermediate the following 
method was preferred: cyanuric chloride (553-5 g.; 3 moles), dissolved in dry chloroform 
(6 1.), was stirred whilst being cooled in a bath at —35°. When the internal temperature was 
—15°, ammonia was passed in for 48 min. at a rate of 31. per min. There was an exothermic 
reaction, but the temperature was never allowed to rise above —12°. The solid (658 g.; con- 
taining ammonium chloride) was filtered off and crystallised in batches of 100 g. from benzene 
(351.). The product (367 g., 74:5%) had m. p. 235—236°. 

4,6-Dichloro-2-methylamino-1,3,5-triazine (82%), m. p. 160—161°, and 4,6-dichloro-2- 
ethylamino-1,3,5-triazine (84%), m. p. 106—107°, were prepared as described by Diels,? and 

® Nazarov and Shvekhgeimer, Zhur. obshchei Khim., 1954, 24, 163. 

® Thurston, Schaefer, Dudley, and Holm-Hansen, ]. Amer. Chem. Soc., 1951, 78, 2992. 
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4,6-dichloro-2-diethylamino-1,3,5-triazine (96%), m. p. 79—80°, and 4,6-dichloro-2-methoxy- 
1,3,5-triazine (61%), m. p. 90—91°, as described by Thurston eé¢ al.’ 

2-Amino-4,6-di-p-cyanoanilino-1,3,5-triazine.—2-Amino-4,6-dichloro-1,3,5-triazine (165 g., 
1 mol.) in dry anisole (220 ml.) was added, in one portion, to a stirred solution of p-aminobenzo- 
nitrile (472 g., 4 mol.) in dry anisole (2400 ml.) in a bath at 100—110°. The bath-temperature 
was raised to 180—185°, an exothermic reaction then occurring. After being refluxed for 
1-5 hr. the viscous mixture was cooled to 90—100° and filtered. After being washed with 
ethanol, the white solid was stirred with 2N-sodium hydroxide (10 1.) containing Lissapol-N 
(a nonylphenol-ethylene oxide condensate) (2 ml.) at 20—25° for 1 hr.; the mixture was 
refiltered, and the solid washed successively with water, ethanol, and ether. The product 
(325 g., 99-2%,) crystallised from nitrobenzene (1 g. in 50 ml.) (or from pyridine or dimethyl- 
formamide) in pale yellow prisms, m. p. 339—341° (Found: C, 62-25; H, 4-0; N, 33-5. C,,H,,N, 
requires C, 62-2; H, 3-6; N, 34-2%). 

The following 1,3,5-triazines were prepared by essentially similar methods: 4,6-di-p- 
cyanoanilino-2-methylamino- (70%), pale yellow (from nitrobenzene), m. p. 281—282° (Found: 
C, 63-0; H, 4:3; N, 32-65. C,,H,,N, requires C, 63-15; H, 4:05; N, 32-8%); 4,6-di-p-cyano- 
anilino-2-ethylamino- (67%), yellow prisms (from nitrobenzene), m. p. 249—251° (Found: 
C, 64-0; H, 4:3; N, 31-6. Cy, 9H, ,N, requires C, 64-05; H, 4-5; N, 31-45%); 4,6-di-p-cyano- 
anilino-2-diethylamino- (60°%,), prisms (from anisole), m. p. 205—-207° (Found: C, 65-4; H, 5-4; 
N, 29-0. C,,HggN, requires C, 65-6; H, 5-2; N, 29-2%); 2-amino-4,6-di-p-nitroanilino- (this 
was first prepared by our colleague, Mr. W. G. Leeds) (60%), greenish prisms (from nitrobenzene), 
m. p. >300° (Found: C, 48-6; H, 3-0; N, 30-6. C,;H,.N,O, requires C, 48-9; H, 3-25; N, 
30-4%); 2-diethylamino-4,6-di-p-nitroanilino- (64%), yellow needles (from nitrobenzene), 
m. p. 316—317° (Found: C, 53-4; H, 4:7; N, 26-2. CygH. N,O, requires C, 53-8; H, 4-7; 
N, 264%); 4,6-di-p-cyanoanilino-2-methoxy- (87%), white needles (from acetic acid), m. p. 

-300° (Found: C, 62-8; H, 4-1; N, 28-4. (C,,H,,;N,O requires C, 63-0; H, 3-8; N, 28-6%); 
and 2-amino-4,6-di-m-cyanoanilino-1,3,5-triazine which crystallised from acetic acid as the 
monoacetate (58%), m. p. 240—242° (Found: C, 58-7; H, 4:3; N, 29-2. C,,H,.N,,C,H,O, 
requires C, 58-8; H, 4-1; N, 28-9%). 

2,4-Dichloro-6-p-cyanoanilino-1,3,5-triazine—p-Aminobénzonitrile (70-8 g., 0-6 mole) in 
chloroform (250 ml.) was added dropwise during 1 hr. to a stirred solution of cyanuric chloride 
(55-35 g., 0-3 mole) in chloroform (500 ml.) at 15—20°. The pink solid, which separated, was 
filtered off and, after being washed with 2N-hydrochloric acid, the crude product (65 g., 83%) 
was used in further reactions. Crystallisation from acetone, ethyl methyl ketone, or dioxan 
gave the pure product, white rhombs, m. p. >300° (Found: Cl, 26-5; N, 26-3. C, H,CI,N; 
requires Cl, 26-7; N, 26-3%). Condensations carried out under similar conditions in acetone 
or ethyl methyl ketone at 30—35°, 45—50°, or 55—60° gave the same product; no 2-chloro- 
4,6-di-p-cyanoanilino-1,3,5-triazine was obtained. 

2-Amino-4,6-di-p-cyanophenoxy-1,3,5-triazine.—2-Amino-4,6-dichloro-1,3,5-triazine (16-5 g., 
0-1 mole) was added, with stirring, to p-hydroxybenzonitrile- (23-6 g., 0-2 mole) in sodium 
hydroxide (8 g., 0-2 mole) and water (125 ml.) at 8—10°. The temperature was allowed to 
rise to 25° during 2 hr. and the mixture was then heated rapidly to 90—95° and after being kept 
at this temperature for 4 hr. the hot mixture was filtered. The product (23-5 g., 71%) crystallised 
from 2-ethoxyethanol (600 ml.) in white plates, m. p. 288—-289° (Found: C, 61-9; H, 3-4; 
N, 25-2. C,,H,gN,O, requires C, 61-8; H, 3-0; N, 25-5%). The following were prepared 
similarly : 4,6-di-p-cyanophenoxy-2-diethylamino-1,3,5-triazine (72%), white needles (from 
ethanol), m. p. 144—145° (Found: C, 65-3; H, 4-9; N, 22-0. C,,H,,N,O, requires C, 65:3; 
H, 4:7; N, 21-8%), and 2-amino-4,6-di-p-dimethylaminoanilino-1,3,5-triazine (57-5%) (from 
nitrobenzene), m. p. 283—286° [the dihydrochloride was deliquescent (Found: C, 50-3; H, 6-35; 
N, 25-0; H,O, 3,65. C,,H,,N,,2HC1,H,O requires C, 50-2; H, 6-15; N, 24-6; H,O, 3-95%)]. 
The bis(methosulphate), m. p. 274—276° (decomp.), prepared from the base and methyl sulphate 
in nitrobenzene at 100°, crystallised from methanol (Found: C, 43-0; H, 6-3; N, 17-6; S, 10-1; 
H,O, 3:2. C,3H3,N,0,S,,H,O requires C, 43-6; H, 6-0; N, 17-65; S, 10-1; H,O, 2-85%). 

4,6-Di-p-cyanoanilino-2- hydroxy -1,3,5-triazine.—4,6- Di-p-cyanoanilino-2-methoxy - 1,3,5- 
triazine (3-4 g., 0-01 mole) and benzylamine (1 g., 0-01 mole) in nitrobenzene (100 ml.) were 
heated at 190° for 4—5 hr. A solid separated after 15 min. and the mixture thickened during 


? Thurston, Dudley, Kaider, Hechenbleikner, Schaefer, and Holm-Hansen, J. Amer. Chem. Soc., 
1951, 73, 2981. 
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the heating; after being cooled to 20°, the white solid was filtered off and washed with hot 
methanol. The product (1-3 g.) was insoluble in alcohols, hydrocarbons, acetic acid, dioxan, 
anisole, chlorobenzene, nitrobenzene, and cresylic acid. Analysis showed that it was probably 
the required hydroxy-derivative (Found: C, 61-3; H, 3-9; N, 29-2. C,,H,,N,O requires C, 62-0; 
H, 3:3; N, 298%). 

2-Amino-4,6-di-p-aminoanilino-1,3,5-triazine Dihydrochloride.—2-Amino-4,6-di-p-nitro- 
anilino-1,3,5-triazine (18-3 g.), suspended in boiling acetic acid (183 ml.), was treated with 
stannous chloride (183 g.) in concentrated hydrochloric acid (183 ml.) added in one portion. 
After being stirred at 100° for 2 hr. the mixture was cooled to 20°, and the pink stannichloride 
was filtered off and washed successively with concentrated hydrochloric acid and acetic acid. 
It was then ground with excess of 15% aqueous sodium hydroxide, and the pale red base was 
filtered off and treated with 2Nn-hydrochloric acid. The dihydrochloride crystallised from 
2n-hydrochloric acid in white needles (9 g., 47-5%), m. p. >300° (Found: Cl, 18-7; N, 29-1. 
C,;H,.Ns,2HCl requires Cl, 18-6; N, 29-4%). 4,6-Di-p-aminoanilino-2-diethylamino-1,3,5- 
triazine (61%), pink needles (from benzene), m. p. 196—197° (Found: C, 63-1; H, 6-7; N, 30-7. 
CigH.N, requires C, 62-6; H, 6-6; N, 30-8%) (dihydrochloride, m. p. >280° (Found, Cl, 16-4. 
C,gH.4N,,2HCl requires Cl, 16-2%), from 2N-hydrochloric acid], was prepared similarly. 

2,4,6-Tri-p-cyanoanilino-1,3,5-triazine.—p-Aminobenzonitrile (23-6 g., 0-1 mole) in acetone 
(150 ml.) containing potassium iodide (0-05 g.) was added, in one portion, to 2,4-dichloro-6-p- 
cyanoanilino-1,3,5-triazine (13-3 g., 0-05 mole) in boiling acetone (600 ml.). The mixture was 
refluxed for 16 hr., and after 1 hr. a solid began to separate. The hot suspension was filtered, 
and the solid was crystallised from nitrobenzene (1120 ml.) to give the pale yellow tricyano- 
derivative (14-1 g., 66%), m. p. >300° (Found: C, 66-5; H, 3-7; N, 29-2. C,,H,,N, requires 
C, 67-1; H, 3-5; N, 29-4%). 

4-(4-A minoquinaldin - 6 -ylamino) -2-chloro-6-p-cyanoanilino -1,3,5-triazine.—4,6-Diamino- 
quinaldine (8-7 g., 0-05 mole) in acetic acid (200 ml.) was added to a stirred suspension of 2,4- 
dichloro-6-p-cyanoanilino-1,3,5-triazine (13-3 g., 0-05 mole) in acetic acid (200 ml.) at 35—40°. 
After being stirred at 40—50° for 3 hr. the solid was filtered off, washed with acetic acid and 
boiling acetone, and ground with 2N-sodium hydroxide. The triazine (8-4 g., 42%) separated 
from aqueous ethanol in pale yellow needles, m. p. >300° (Found: Cl, 8-4; N, 27-6. C.9H,,CIN, 
requires Cl, 8-8; N, 27-8%). 

2-Chlovo-6-p-cyanoanilino - 4-2’ - diethylaminoethylamino - 1,3,5-triazine. —2-Diethylamino- 
ethylamine (11-6 g., 0-1 mole) in acetone (100 ml.) was added dropwise to a suspension of 2,4- 
dichloro-6-p-cyanoanilino-1,3,5-triazine (13-3 g., 0-05 mole) in acetone (200 ml.). The temper- 
ature rose to 35° and a pale yellow solution was obtained. After being kept for 3 hr. the solution 
was evaporated in vacuo at 25—30°. The residual gum was dissolved in 2N-hydrochloric acid 
and the solution, after being treated with charcoal, was basified at 0—5° with 2N-sodium 
carbonate. The base crystallised from ethanol as white needles (10 g., 58%), m. p. 143—145° 
(Found: Cl, 9-8; N, 28-5. C,gH,,CIN, requires Cl, 10-3; N, 28-4%). 

4-(4-A minoquinaldin-6-ylamino)-2,6-di-p-cvanoanilino-1,3,5-triazine.—The last preceding 2- 
chloro-compound (16-1 g., 0-04 mole) and p-aminobenzonitrile (9-5 g., 0-08 mole) in anisole 
(120 ml.) were refluxed for 4 hr. (solid began to separate after 5 min.). The hot mixture was 
filtered and the residue was ground with 2Nn-sodium hydroxide. The dinitrile crystallised from 
ethylene glycol as pale brown prisms (8-1 g., 45%), m. p. >300° (Found: C, 66-4; H, 4-15; 
N, 28-9. C,,H Ny) requires C, 66-9; H, 4-1; N, 29-0%). 2,6-Di-p-cyanoanilino-4-2’-diethyl- 
aminoethylamino-1,3,5-triazine was prepared (40%) similarly from the corresponding 2-chloro- 
compound. It crystallised from ethanol in white prisms, m. p. 155—159° (Found: C, 64-2; 
H, 5-9; N, 29-4. C,,H,,N, requires C, 64:7; H, 5-9; N, 29-5%). 

2,4-Diamino-6-p-cyanoanilino-1,3,5-triazine.—2,4-Dichloro-6-p-cyanoanilino - 1,3,5-triazine 
(26-6 g., 0-1 mole) and phenol (80 g.) were heated in a bath at 182—189°, and ammonia was 
bubbled through the mixture for 6 hr. The internal temperature never rose above 188° and 
after 6 hr. the mixture solidified. The cold mass was ground with water (500 ml.), and the 
solid was filtered off, and washed with 2N-sodium hydroxide and water. The diamine crys- 
tallised in white prisms (18-3 g., 81%), m. p. 282—283°, from nitrobenzene (Found: C, 53-0; 
H, 4:0; N, 42-8. C,9H,N, requires C, 52-8; H, 4-0; N, 43-2%). 

N1N5-Di-p-cyanophenyldiguanide. (This compound was first prepared by our colleague, 
Dr. W. W. CuTHBERTSON.)—Sodium dicyanimide * (44-5 g., 0-5 mole) in water (250 ml.) was 

8 Madelung and Kern, Annalen, 1922, 427, 1. 
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added to p-aminobenzonitrile (129-8 g., 1-1 mole) in concentrated hydrochloric acid (110 ml.) 
and water (880 ml.). A precipitate was obtained after 5 min. and the mixture was heated 
under reflux on the steam-bath for 6 hr. The solid was filtered off, washed with water, and 
ground with 2N-sodium hydroxide; it was then filtered off and washed free from alkali. The 
diguanide crystallised from methanol (1 1.) in colourless needles (52-4 g.; 35%), m. p. 203—204° 
(slight decomp.) (Found: C, 63-5; H, 4:5; N, 32-4. C,,H,,N, requires C, 63-5; H, 4-3: 
N, 32-3%). 

2,4-Di-p-cyanoanilino-1,3,5-triazine (cf. Clauder et al.*).—N1N5-Di-p-cyanophenyldiguanide 
(23 g.) in 90%, formic acid (150 ml.) was refluxed for 3 hr. After being cooled to 30°, the solid 
was filtered off, ground with 2N-sodium hydroxide, and washed with water and methanol. The 
product (10-5 g., 50%) separated in white prismatic needles, m. p. >300°, from nitrobenzene 
(200 ml.) (Found: C, 64-8; H, 3-8; N, 31-2. (C,,H,,N, requires C, 65-2; H, 3-5; N, 31-3%). 

2,4- Di-p-cyanoanilino-1,6-dihydro-6,6 - dimethyl -1,3,5-triazine —N'1N5-Di-p -cyanophenyl- 
diguanide (20 g.), acetone (60 ml.), and piperidine (0-9 ml.) were mixed, and refluxed for 2-5 hr. 
After one hr. a solution was obtained, and after a further 10 min. the product began to separate. 
After being cooled to 20°, the dinitrile was filtered off; it crystallised from methanol in needles 
(18-5 g., 81-5%), m. p. 269—271° (decomp.) (Found: C, 66-1; H, 5-05; N, 28-4. C,,H,,N, 
requires C, 66-45; H, 4:95; N, 286%). 2,4-Di-p-cyanoanilino-6-ethyl-1,6-dihydro-6-methyl- 
1,3,5-triazine (85%) was similarly prepared by using ethyl methyl ketone and crystallised from 
this solvent in white needles, m. p. 244—246° (Found: C, 67-15; H, 5-1; N, 27-3. Cy H,,N, 
requires C, 67-2; H, 5:35; N, 27-45%). 

2-Amino-4,6-di-p-guanidinoanilino-1,3,5-triazine Dihydrochloride.—2-Amino-4,6-di-p-amino- 
anilino-1,3,5-triazine dihydrochloride (5-0 g.), cyanamide (2-5 g.), and ethanol (100 ml.) were 
refluxed together overnight. The pink solution was evaporated under reduced pressure. The 
residue was dissolved in water (100 ml.), the solution filtered (charcoal), and the filtrate basified 
at 0—5° with 2N-sodium hydroxide. The solid was dissolved in hot 2N-hydrochloric acid 
(50 ml.); the product (4-0 g.; 65%) separated in white needles, m. p. >360° (Found: Cl, 14-0; 
N, 33-4; H,O, 7°5. C,,Hg9N,2,2HC1,2H,O requires Cl, 14:15; N, 33-5; H,O, 7-2%). 

2-Diethylamino-4,6-di-p-guanidinoanilino-1,3,5-triazine was similarly prepared from 4,6-di-p- 
aminoanilino-2-diethylamino-1,3,5-triazine dihydrochloride. The base (84%) separated in 
white prisms (from propan-2-ol), m. p. 174—175° (decomp.) (Found: C, 56-4; H, 6-2; N, 37-2. 
Cy,H,sNy. requires C, 56-25; H, 6-25; N, 37-5%). 

4,6-Di-p-amidinoanilino-2-amino-1,3,5-triazine Trihydrochloride.—2-Amino-4,6-di-p-cyano- 
anilino-1,3,5-triazine (500 g.), suspended in dry ethanol (1-5 1.), was ground to a paste, in a ball- 
mill, for 4 days. After the addition of dry ethanol (6 1.), the fine suspension was saturated at 
—10° with dry hydrogen chloride (cooling-bath at —15° to —20°) during 12 hr. The mixture 
was kept for 4 weeks at room temperature, with occasional shaking; it thickened considerably. 
The white solid was filtered off (through coarse filter paper), washed with dry ether (5 1.), and 
kept overnight over calcium chloride in vacuo. The yields of di-imidoate hydrochloride (con- 
taining solvent) in two experiments were 1400 g. and 1250 g. (a 2% w/v aqueous solution was 
clear at 25—-30°). The white cake was stirred to a paste with dry ethanol (1-5 1.) and carefully 
added to liquid ammonia (1-5 1.) in dry ethanol (6 1.) at 20—25°. A solution was obtained at 
the beginning of the addition, then a solid separated, and the fine suspension was stirred for 
2hr. The temperature was raised to 50—55° during 2 hr. and the mixture was stirred at this 
temperature for 6 hr. After being cooled, the white solid was filtered off and added to 0-5n- 
hydrochloric acid (20 1.) at 90°. The mixture was boiled, filtered, treated with charcoal, re- 
filtered (hot), and cooled to 25°. Concentrated hydrochloric acid (2-5 1.) was added, and the 
mixture was cooled at 5—-10° for 2hr. The solid was filtered off, washed with 2n-hydrochloric 
acid, and dried at 30—35° for 3 days. The pale yellow solid was ground to a paste with acetone 
in a ball-mill, filtered off, and washed with acetone, and the crude product (804 g., and 
606 g. in 2 experiments) was crystallised as follows: A solution of the white solid (50 g. 
batch) in hot methanol (6 1.) was cooled to 25°, treated with charcoal, filtered, and treated 
with concentrated hydrochloric acid (300 ml.). On scratching, crystallisation occurred to give 
white needles (20—25 g.) of the trihydrochloride dihydrate, m. p. >360° (sintering slightly above 
200°) (Found: Cl, 20-9; N, 27-9; H,O, 7-1. C,,H,,N49,3HCI,2H,O requires Cl, 21-0; N, 27-9; 
H,O, 7-1%). 

The amorphous diamidine base (80%), m. p. 195—198° (decomp.) (Found: C, 56-0; H, 4:8; 

® Clauder, Zemplen, and Bulesu, Austrian Pat. 168,063/1951. 
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N, 38-2. Cy,H,gNj,) requires C, 56:35; H, 4:9; N, 38-7%), was obtained by grinding the tri- 
hydrochloride with methanol—2n-sodium hydroxide, and did not crystallise. The diphosphate, 
no m. p. below 290° (Found: N, 24-8. (C,;H,sNj9,2H,PO, requires N, 25-1%), was prepared 
from the base and orthophosphoric acid in methanol. 

The acid-insoluble material obtained in the amination stage was essentially the corresponding 
4,4’-dicarboxamide (Found: C, 53-1; H, 4:2; Cl, 9-45; N, 28-5. (C,,H,,N,O,,HCl requires 
C, 51:0; H, 4:0; Cl, 8-9; N, 28-0%). 

2-A mino-4,6-di-p-(ethoxyiminomethyl)antlino-1,3,5-triazine.—The corresponding dihydro- 
chloride (10-6 g.) was ground with 2N-sodium hydroxide (50 ml.), ice (25 g.), and Lissapol N 
(0-2 ml.). The white solid di-imidoate (7 g.) was filtered off, washed free from alkali with water, 
and dried at 10 mm. over sulphuric acid; it decomposed at 255° (Found: C, 61-2; H, 5-7; 
N, 27:2. C,,H.4N,O, requires C, 60-0; H, 5-7; N, 26-7%). It was insoluble in hydrocarbon 
solvents, and only slightly soluble in hydroxylic solvents. When it was treated in aqueous 
ethanol with ammonium chloride, a 12% yield of the diamidine was obtained, together with 
the dicarboxamide. When ammonium isethionate was used in this conversion only the 
dicarboxamide was obtained. 

Fusion of 2-Amino-4,6-di-p-cyanoanilino-1,3,5-triazine with Ammonium Benzenesulphonate.— 
A mixture of 2-amino-4,6-di-p-cyanoanilino-1,3,5-triazine (3-5 g., 0-01 mole) and ammonium 
benzenesulphonate (3-5 g., 0-02 mole) was heated at 300° in a stream of ammonia for 2-5 hr. 
After being cooled to 30°, the brown melt was powdered, dissolved in boiling water (15 ml.), 
and filtered (charcoal). The filtrate deposited pale yellow needles of melamine benzenesulphonate 
(2:3 g.; 81%) which, after being crystallised from water, had m. p. >300° (Found: N, 29-75; 
$, 10-85. C,3H,N,,C,H,O,S requires N, 29-6; S, 11-25%). Treatment of a hot aqueous solution 
with sodium hydroxide gave melamine. Concentration of the aqueous crystallising liquors 
to one-third volume gave white needles (0-2 g.), m. p. 180—183°, probably p-aminobenzamide. 
Extraction of the initial aqueous mother-liquor with ether gave p-aminobenzonitrile (0-1 g.), 
m. p. 86—88°. 

The diamidines in Table 2 were prepared from the respective nitriles by the Pinner method. 


TABLE 2. Diamidines [V; R’ = C({NH)-NH,]. 


Alcohol Time 
and solvent (imidoate Amidine Cryst. Yield 
No. X R (imidoate prep.) prep.) (days) salt from %) 
1 NH NEt, EtOH 10 2HCl MeOH 42 
© NH, EtOH-CHCI, 5 2HCl MeOH-COMe, 33 
> & NEt, EtOH-CHCI, 5 2HCl MeOH-COMe, 45 
4 NH NHMe EtOH 14 2HCl Aq. NaCl 53 
5 NH NHEt EtOH 21 2HCl Aq. NaCl 55 
6 NH NH(CH,),NEt, EtOH-CHCI, 6 3HCl MeOH-COMe, 42 
7 NH = 4-Aminoquinaldine EtOH-Ph:NO, 21 3HCl MeOH 26°5 
6-ylamino 
8 NH OMe EtOH 21 2HCl MeOH-COMe, 41 
9 NH p-Amidinoanilino HO-(CH,]},°OEt 30 4Me'SO,H MeOH 23-3 
10 NH H EtOH 21 2Me'SO,H MeOH 60 
Found (% Requires (%) 
No. M. p. Formula Cl N Cl N 
1 > 300° Cy,HgNy9,2HCl 14-3 28-2 14-45 28-5 
2 160¢ CutlaeNs O,,2HC1,0-5H,O 15-7 24-8 15-9 25-05 
3 255—257 ¢ C.,HaNg Os, 2HCl 14-4 23-0 14-4 22-7 
4 319—320¢ C,,Hy9N,.2HC1,2H,0 ® 14-6 28-7 14-6 28-85 
(loses H,O at 262°) 
5 275—276¢ CygH2N49,2HC1,2H,O 14-3 27:8 14-2 28-05 
(loses H,O at 258—260°) ~ 
6 245—247 ¢ C,3Hs, Nw 3HCl 18-8 26-8 18-65 27-0 
7 > 300 C.7H_gNj2,3HCl 16-7 26-6 17-0 26-8 
8 > 300 C,,H,,NO,2HC1 15-7 27:8 15-8 28-0 
9 212—214¢ C.4H.4N32,4CH,O,S,3H,O 4 — 18-6 — 18-3 
(shrinks at 176—178°) 
10 306—308 ¢ 17H),N,,2CH,O,S °¢ — 23-2 — 23-4 
(darkens at 277°) 
* With decomp. ° Found: H,O, 7-5. Required: H,O,7-4%. * Found: H,O, 7-0. Required: 
H,O, 7-2%. ¢ Found: C, 37-1; H, 5-1; S, 14-2; H,O, 5:7. Required: C, 36-6; H, 5-0; S, 13-95; 
H,O, 59%. ¢* Found: S, 11-6. Required: S, 11-:9%. 
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N!N5-Di-p-amidinophenyldiguanide.—This was prepared by the general method using 
2-ethoxyethanol as the alcohol; the imidoate preparation was kept for one month; the diamidine 
trihydrochloride (13-2%) separated from dilute sodium chloride in white crystals, m. p. 355— 
356° (decomp.) (Found: Cl, 23-55; N, 28-2. Cy, .H,,N»,3HCl requires Cl, 23-85; N, 28-2%). 

6-p-A midinoanilino-2,4-diamino-1,3,5-triazine was prepared by the general method using 
ethanol as alcohol; the reaction mixture was kept for 4 weeks. The hydrochloride (61%) 
crystallised from water in white prisms, m. p. 306—308° (decomp.) (Found: Cl, 12-2; N, 37-6; 
H,O, 5:7. CygH,,N,,HCl,H,O requires Cl, 11-9; N, 37-5; H,O, 6-0%). 

2,4-Di-p-amidinoanilino-1,6-dihydro-6,6-dimethyl-1,3,5-triazine was prepared similarly. The 
imidoate preparation was kept for 3 days only and the diamidine trihydrochloride (62%) separated 
from methanol-acetone in white prisms, m. p. >300° (Found: Cl, 21:3; N, 26-55. 
CygH,,N,,3HCl requires Cl, 21-9; N, 26-0%). 2,4-Di-p-amidinoanilino-6-ethyl-1,6-dihydro- 
6-methyl-1,3,5-triazine trihydrochloride (70%), white prisms (from methanol-acetone), m. p. 
>300° (Found: Cl, 21-1; N, 25-0. C.9H,;N,,3HCl requires Cl, 21-3; N, 25-15%), was prepared 
similarly. 

The following two N-alkylamidines were obtained from the di-imidoate trihydrochloride 
and the requisite amine in ethanol: 2-amino-4,6-di-p-N-methylamidino- (56%) (from methanol- 
ether) (Found: C, 44-4; H, 4:8; N, 26-9; H,O, 3-8. C,,H,.Nj9,3HCI,H,O requires C, 44-2; 
H, 5:2; N, 27-05; H,O, 3-5%), and 2-amino-4,6-di-p-N N-dimethylamidino-anilino-1,3,5-triazine 
dihydrochloride (from methanol-ether) (Found: C, 48-9; H, 4-9; Cl, 13-8; N, 27-1; H,O, 3:8. 
Cy,H,,N19,2HCI1,H,O requires C, 49-5; H, 5-9; Cl, 13-95; N, 27-5; H,O, 3°55%). 

2- Amino-4,6-di-(3-dimethylaminopropylamino) -1,3,5-triazine. — 3- Dimethylaminopropyl- 
amine * (20-4 g., 0-2 mole) was added to a stirred suspension of 2-amino-4,6-dichloro-1,3,5-triazine 
(16-5 g., 0-1 mole) in water (50 ml.). The mixture was heated slowly to the b. p., and a solution 
of sodium hydroxide (8 g., 0-2 mole) in water (40 ml.) was added during 1 hr. After being 
boiled for a further 2 hr. the cooled mixture was filtered and the filtrate saturated with salt and 
extracted with chloroform (2 x 100 ml.). The extract afforded a pale yellow viscous liquid, 
b. p. 200° (air-bath temp.) /0-2 mm., which solidified to a hygroscopic glass (7-5g.,25%). This 
base (5-8 g.) was dissolved in dry ethanol (50 ml.) and when, treated with a solution of tartaric 
acid (5-7 g.) in dry ethanol (25 ml.) gave the hygroscopic di(hydrogen tartrate), m. p. 78—80° 
(Found: C, 41-4; H, 7-1; N, 18-0. C,,3H,,N,,2C,H,O, requires C, 41-1; H, 6-85; N, 18-2%). 
The above tertiary base (7-2 g.), dissolved in acetone (50 ml.), was treated with methyl iodide 
(3-5 ml.), and the mixture was heated to the b. p. and then cooled. The methiodide was filtered 
off, dissolved in the minimum amount of water, and the solution added to aqueous diammonium 
4,4’-diaminostilbene-2,2’-disulphonate (1 mol.). The mixture was heated on the steam-bath 
for 5 min. and, after it had cooled, alcohol was added to precipitate the product. This was 
removed and ground with alcohol; it recrystallised from 1: 1 v/v water—methanol and afforded 
the bisquaternary 4,4’-diaminostilbene-2,2’-disulphonate as a pinkish powder, m. p. 283—-285° 
(decomp.) (Found: C, 48-4; H, 6-7; N, 19-7; H,O, 2-9. C,;H34N,,C,,4H,4N,O,5,.,H,O requires 
C, 48-4; H, 6-7; N, 19-65; H,O, 2-5%). 

4,6-Di-m-amidinoanilino-2-amino-1,3,5-triazine.—This was prepared by the standard method 
using ethanol as the alcohol. The preparation was kept for 3 weeks and afforded the dihydro- 
chloride, m. p. >300°, from methanol (Found: C, 44-8; H, 5-3; N, 30-7. C,,H,gNj9,2HCI,H,O 
requires C, 45-0; H, 4:9; N, 30-8%). 


The authors thank Dr. H. J. Barber, F’.R.I.C., for his continued interest and helpful dis- 
cussions, Mr. S. Bance, B.Sc., F.R.1.C., for the semimicroanalyses, and Mr. J. Hill, B.Sc., and 
Mrs. R. Stone, B.Sc., for the biological results. 
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877. The Decomposition of Crystalline Uranyl Oxalate induced. 
by Reactor Radiation. 


By D. A. Youna. 


The decomposition of isotopically-normal and **5U-depleted anhydrous 
uranyl oxalate has been studied under various conditions of reactor- and 
y-irradiation. The products are carbon monoxide and carbon dioxide in the 
ratio of about 1:3 with a solid residue of approximate composition UOQ,.;, 
which is more reactive than the corresponding macroscopic oxide prepared 
by low-temperature reduction of the trioxide. Some separation of the 
contributions to the decomposition by recoiling fission fragments, fast 
neutrons, $-particles, and reactor y-rays has been effected. For recoiling 
fission fragments the G-value and the number of oxalate molecules decomposed 
per fission are respectively 5-1 and 8200 x 10%; the corresponding figures 
for reactor y-rays are 0-1 and 3 x 10%. The form of the decomposition—dose 
curve is accurately given by a first-order expression, and this is interpreted 
to mean that decomposition occurs where fission-recoil tracks traverse virgin 
reactant. 

The thermal decomposition of uranyl oxalate is enhanced by a small 
degree of pre-irradiation. The kinetics of this effect are discussed on a 
topochemical model. 


In the past much attention has been paid to the fundamental nuclear physics of the fission 
process, whilst more recently studies of the purely physical effects of the fission on the 
medium in which it occurs have gained an importance.! Less attention, however, has 
been paid to the chemical consequences of the fission as expressed, for example, by the 
decomposition of the uranium-containing medium itself or by the acquisition by that 
medium of enhanced chemical reactivity which may later be employed in a catalytic or 
other reaction. 

Wright and Sangster * examined the reactor decomposition of the two heterogeneous 
systems uranium dioxide-graphite and uranium dioxide-anthracene. In the former 
system the fission fragments passed from the. particles of origin into graphite specimens 
which would have evolved permanent gases when heated to about 500°. The gas evolution 
at 75° in the reactor from the dioxide-graphite system was about 16 times greater than 
the evolution from pure uranium dioxide, and some 10* times greater than the evolution 
from zinc oxide-graphite in the same reactor flux. On the basis of these results it was 
suggested that the fission fragments from the uranium dioxide particles were markedly 
more effective in procuring degasification of the graphite than were the fast neutrons 
and reactor y-rays, though it was not possible to make these results quantitative because 
no reasonable estimate could be made of the fraction of the recoil energy retained in the 
dioxide particles. 

In the second series of experiments, Sangster ? examined the uranium dioxide—anthra- 
cene system, for which gas analyses would be worth while. Making the simplifying 
assumptions that all the fission rec il energy is dissipated in the anthracene and that the 
effects of interface reactions betv’ en irradiated dioxide and anthracene adjacent to the 
particles could be neglected, he concluded that fission fragments are 27 times more effective 
in procuring the decomposition of anthracene than is general pile radiation. The principal 
gas products were hydrogen, lower hydrocarbons, and oxides of carbon. The overall 
evolution rate fell steadily during the irradiation, but it was noted particularly that the 
carbon dioxide and hydrocarbon content of the evolved gases fell more rapidly from the 
beginning of the irradiation than did the hydrogen content. The overall decrease in rate 
can be accounted for only in part by the consumption of anthracene within the fission 


1 Billington, Proc. Int. Conf. on Peaceful Uses of Atomic Energy, or Geneva, 1955, 7, 421. 
* Wright and Sangster, Nature, 1952, 170, 368; A.E.R.E. Memorandum C/M.290. 
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fragment range, and Sangster suggested that a polymer more resistant to decomposition, 
and which can inhibit further decomposition, may be formed. The present author’s view 
associates the production of oxides of carbon with an interface reaction between anthracene 
and activated uranium dioxide in which lower hydrocarbons are also formed. Erosion 
of the interfacial anthracene occurs in the early stages of the reaction and the interface 
eventually breaks. It is at this stage that the carbon dioxide and hydrocarbon contents 
fall to a negligible value. Subsequently the reaction proceeds as described by Sangster. 
This superposition of two concurrent reactions accounts for the fact that the reaction 
rate decreases initially more rapidly than corresponds to first order but subsequently 
becomes of first order. The latter dependence arises, not because the fission tracks do 
not overlap, but because there is a high, constant overlap, the average distance between 
adjacent uranium dioxide particles being about 1/30 of the fission fragment range in pure 
anthracene. Calculations on the geometry of the system suggest that the uranium 
dioxide particles act as extremely effective traps for fission fragments, though it is not 
yet feasible to assess the value of the energy “ lost ”’ in this way. 

Because of these unassessable modes of energy deposition, it was felt that much would 
be gained by studying the decomposition of an initially homogeneous uranium salt. Hall 
and Walton 3 chose uranyl iodate and hydrated uranyl oxalate, obtaining values of about 
6 and 9 respectively for the number of molecules decomposed per 100 ev absorbed. These 
results were not known to the present author when it was decided to examine the reactor 
decomposition of anhydrous uranyl oxalate. 

Uranyl oxalate is normally prepared from cold solution as the trihydrate. This 
material can be dehydrated in two stages in vacuo, to the monohydrate at 100—120° 
and to the anhydrous compound at 190—220°.5 No changes occur in the X-ray pattern 
during this dehydration, and no changes in the externa] form of the crystals are observed 
under the microscope. The anhydrous material readily takes up one molecule of water 
in the laboratory though the trihydrate is re-formed only slowly under these conditions. 
It is therefore concluded that the anhydrous salt is a pseudomorph of the trihydrate. 
Thus gases of small molecular diameters formed within sub-grains will normally diffuse 
even from undamaged crystals at moderate temperatures. 

If the anhydrous pseudomorph is heated in vacuo to above 275° it decomposes slowly 
to form uranium dioxide and carbon dioxide with “less than 1% of carbon monoxide 
in some cases,” whereas in the presence of oxygen the decomposition is explosive at 325° 
owing, presumably, to the exothermic formation of uranium trioxide—which thus leads 
to superheating of the oxalate.5 Our work has shown that carbon monoxide is only 
formed if the oxalate is decomposed below 290°, whence it is supposed that this oxide 
is a primary product, as has been found for other oxalates, but that the non-stoicheiometric 
oxide so formed is reduced back to dioxide by the carbon monoxide produced. This 
back reaction proceeds more rapidly at higher temperatures, thus accounting for the 
absence of carbon monoxide above 290—300°. 

In addition to studying the reactor-induced decomposition of uranyl oxalate, it was 
desired to investigate the effects of reactor irradiation on the subsequent thermal decomposi- 
tion of this salt. The reason is that it has now been shown that it is the topography 
rather than the chemical nature of an insulating solid reactant which determines the 
kinetics of its decomposition.® If, as is supposed, the radiation decomposition occurs 
along the actual recoil tracks, there cannot be complete annealing of damage because the 
solid products act as a pinning or precipitated impurity, whence permanent lattice damage 
having the topography of the recoil tracks will be retained by the reactant. This damage 


* Hall and Walton, J. Inorg. Nucl. Chem., 1958, 6, 288. 
‘ Mr. G. N. Walton, personal communication. 
® Boullé et al., Compt. rend., 1950, 230, 300. 


* Bartlett, Tompkins, and Young, /., 1956, 3323; Tompkins and Young, Trans. Faraday Soc., 
1956, 52, 1245. ; 





uld 
fall 
out 
ese 
‘tor 


‘his 
20° 
ern 
ved 
iter 
ns. 


use 


wly 
‘ide 
25° 
ads 
nly 
cide 
tric 
his 
the 


was 
Osi- 
phy 
the 
urs 
the 
age 
age 








[1960] Uranyl Oxalate induced by Reactor Radiation. 4535 


would be expected to contribute a parabolic acceleratory component to the early stages 
of the isothermal decomposition, with a consequent decrease in the “ induction ’’ period 
and concomitant increase in the maximum velocity, provided the extent of reactor de- 
composition is small. 


EXPERIMENTAL 


Materials.—Urany] oxalate trihydrate, prepared by precipitation from aqueous solutions 
of potassium oxalate and uranyl nitrate, was filtered off, washed, and aged in the form of a 
slurry in contact with mother-liquor at 75° for 24 hr. in order to increase the average particle 
size. This slurry was cooled slowly, and the oxalate filtered off being kept at room temperature 
overnight. The crystals so obtained were transparent, well-formed platelets about 3 yu across. 
The size distribution appeared to be sharp. A similar preparation was made from a sample 
of uranyl nitrate depleted 40-fold in uranium-235. 

Encapsulation.—Samples of the trihydrate varying in size from 2 to 500 mg. were loaded 
into quartz capsules fitted with break-off seals and heated to 210° in air to remove most of 
the water of crystallisation. If this initial heating was conducted in vacuo the samples 
“bumped ”’ badly. The final dehydration was performed at 220° and a pressure of ca. 10 mm., 
and the capsules of volume 1—2 cm.? were sealed off at this pressure. 

Irvadiation.—(a) Most of the samples were exposed in the pneumatic-tube device in the 
reactor core of BEPO and the thermal dose was monitored by the usual gold-foil technique. 
During most of the period of the experiments a fuel channel adjacent to the irradiation position 
was empty. This resulted in a local increase in the thermal neutron flux and in the cadmium 
ratio for gold. Typical values for these two quantities in this operating condition are ¢ = 
1-44 x 10% n cm.? sec.! and 2-8, respectively. (b) On a few occasions the irradiations were 
carried out in the reactor core with the reactor at reduced power (60 kw) and in the upper 
end of the thermal column with the reactor at normal power. The thermal neutron flux was 
then ca. 3 x 10®°n cm. sec. 1 and the cadmium ratio for gold was >10%. (c) Some irradiations 
were performed in a 700-curie ®°Co source. For this purpose, 1—2 g. samples were dehydrated 
and sealed in Pyrex capsules and irradiated for periods of 16—64 hr. 

Gas Analysis.—The gases evolved were transferred from the capsules into thimbles by a 
Toepler pump which delivered gas at atmospheric pressure. Analysis carried out by the Blacet-— 
Leighton technique showed the presence of only carbon monoxide and dioxide. It was found 
necessary to heat samples irradiated below reactor-core temperature (80°) and in the Co source 
(40°) to about 100° to ensure complete desorption of gas. 

Thermal Decomposition.—The samples were dehydrated and sealed in quartz capsules 
whether they were to be irradiated or not. After the appropriate treatment these capsules 
were broken in an evacuated reaction chamber connected to a mercury manometer. A tube 
furnace at 302° was then raised to surround the vessel. Decomposition was followed by gas 
evolution measurements, zero time being taken quite arbitrarily as the time at which the 
temperature of the reaction vessel reached 260°. For the present purposes it was not essential 
to know the temperature of the reaction vessel precisely, merely that it remained constant 
from run to run. Once thermal equilibrium had been established the temperature remained 
within the limits 302° + 0-5°. 


RESULTS 


Reaction Irradiation of Anhydrous Uvanyl Oxalate prepared from Natural Uranium.— 
Samples were exposed to the reactor centre flux at 6 Mw power for periods varying from 15 sec. 
to 630 min., and the amount and composition of the gas evolved determined. Only carbon 
monoxide and dioxide were found, the ratio of monoxide to dioxide being within the range 
0-32 + 0-04 with occasional larger deviations for which no satisfactory explanation has yet 
been found. Thermal decomposition of the oxalate residue after partial reactor decomposition 
yielded only carbon dioxide and uranium dioxide above 300° whether the gaseous products 
of reactor decomposition had been removed or not. In both cases the total amount of carbon 
found in the gas phase was within «+ 2% of the amount calculated from the weight of oxalate 
according to the overall reaction UO,C,O0,—» UO, + 2CO,. The stoicheiometry of the 
reactor decomposition thus appears to be: 


2U0,C,0, —» xCO + (4 — x)CO, + 2U0e+ 052 
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where x is about unity at 80° but decreases to zero with increasing temperature, probably 
owing to the reaction 


#CO + 2U0¢@+ 0-52) — 2UO0, + xCO, 


The results are presented in Fig. 1 as fractional decomposition («), calculated on the basis 
of the carbon balance, against total neutron dose (N). 

Irradiation at Reduced Reactor Powery.—In order to extend the results to low neutron doses 
and to check whether the flux affects the amount of decomposition per neutron absorbed, 
three runs were conducted at 60 kw reactor power. The results are plotted in Fig. 2, which 
is a 100-fold expanded diagram of the region round the origin of Fig. 1. Additional runs 
which properly belong to Fig. 1 have been included for comparison in Fig. 2. No substantial 
effect of variation in pile power was observed. The plot of fractional decomposition («) against 
dose (N) passes through the origin, the line drawn being the initial slope of the plot displayed 
in Fig. 1. 


Fic. 1. The reactor decomposition of anhydrous uranyl oxalate plotted as fraction decomposed against the 
thermal neutron dose. The right hand ordinate and the upper abscissa are alternative axes referred to 
lg. The point ©) refers to a sample of isotopically normal material which had been dispersed throughout 
a pad of quartz wool, 
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Form of the Decomposition—Dose Plot.—The plot of fractional decomposition («) against 
thermal neutron dose (N) is closely given by the expression, analysed in Fig. 3, 


eee | ne er.” 


where & is a constant. It can be calculated from the initial slope of this curve, as obtained 
from equation (1), that the overall G-value * for reactor decomposition, assuming that the 
energy deposition by fission fragments predominates, is 5-2, and the number of molecules 
decomposed per fission is 8-46 x 10®. The value 5-2 is known as the unrefined G-value. 

For convenience, additional axes have been included in Fig. 1. The right-hand ordinate 
gives the number of molecules decomposed per g. and the upper abscissa gives the number 
of fissions per g. 

Reactor Irradiation of Depleted Uranyl Oxalate.—Three runs were carried out on the reactor 
decomposition of 40-fold depleted uranyl oxalate. The decomposition products were similar 
to those obtained with isotopically normal material with carbon monoxide: carbon dioxide 
ratios of about 0-25. For this reason the fractional decomposition was calculated as before 
and the points are included in Fig. 1. The upper abscissa scale does not apply to these points. 
It will be noted that the initial slopes of the two plots are in the ratio 


Initial slope of “ normal ”’ plot/Initial slope of ‘‘ depleted ” plot = 18-2 


* G-values are given as the number of oxalate molecules decomposed per 100 ev of energy absorbed. 
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y Irradiation in the 700-Curie Co Source.—The irradiations were at a dose rate of 4 x 105 
r. hr.? as determined by ferrous sulphate dosimetry. Irradiations in the cobalt source-were 
longer (16—64 hr.) than any performed in the reactor core, and the source temperature was 
only 40° as compared with 80° in the core. It was necessary to heat the samples to 80—100° 








is to release the gas produced, some 30% being otherwise retained in the sample at source tem- 
perature. The carbon monoxide : carbon dioxide ratio was 0-18, which is approximately the 
S same as the ratio for gas produced by photolytic decomposition with an ultraviolet lamp. 
1, At source temperature the rate of y-radiolysis was low, varying between 1-5 and 2-2 x 10°% 
h hr.* or 13—19%, per year, giving a G-value of approximately 0-1. Applying this G-value 
1S to Anderson’s calorimetric estimates of the energy absorption from reactor y-rays,’ we calculate 
al the rate of y-radiolysis in the reactor core to be about 7 x 10°°% hr.-!, compared with the 
st total reactor decomposition rate of 18% hr.-!. 
d 


Fic. 2. This plot is an approximately 
100-fold expanded diagram of the region 
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Irradiation of Uranyl Oxalate in the Reactor Thermal Column.—lIn order to eliminate the 
effects of fast neutrons, three samples of uranyl oxalate were irradiated in a 5-ft. tube, partially 


ed shielded from y-rays by a lead pot, in the upper section of the thermal column. Gold-foil 
he monitoring was used, but owing to the length of the runs (up to 6 hr.) allowance had to be 
les made for the decay of the gold activity during the run itself. Monitoring experiments showed 
that at this level in the thermal column the vertical thermal neutron flux gradient was 5% 
ite per cm. and that the flux was not steady, owing presumably to general reactor operations. 
aia For these reasons the G-value obtained is not regarded as being particularly reliable, but it 
does refer substantially to energy deposition by fission fragments. The results obtained are 
bor included in Fig. 2. 
lar Deviations from the Plot in Fig. 1.—It was noted that when particularly small samples 
ide (<1 mg.) were used, the fractional decomposition obtained for a given irradiation sometimes 
ie fell as much as 30% below the value obtained with larger samples. This was ascribed to the 
ts. escape of energetic fission fragments from the specimens. Such loss was subsequently avoided 
by using compacted or larger samples. A demonstration that the loss of fast fission fragments 
from small specimens is a real effect was provided by the decomposition of uranyl oxalate 
‘ which had been deliberately dispersed in a pad of silica wool. In this case the decomposition 
ed. 


fell to 53% of the value obtained with larger or compacted samples, confirming that a substantial 
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fraction of the decomposition is procured by fragments which damage crystals other than the 
crystal of origin. 

Thermal Decomposition.—Unirradiated uranyl oxalate was decomposed at 302°, and the 
reaction followed by pressure measurements. The theoretical amount of carbon dioxide was 
evolved within experimental error. The decomposition run is illustrated in Fig. 4, curve A. 
Two other samples were pre-irradiated in the reactor core for 2 min. (B) and 5 min. (C), and 
the results obtained on thermal decomposition at 302° are similarly illustrated in Fig. 4. The 
important features of these plots are the enhancement of the maximum velocity and the change 
in shape during the acceleratory period. The effect of the irradiation is most clearly seen in 
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Fic. 4. The kinetics of the thermal 
decomposition at 302° of 


A—Unirradiated uranyl oxalate. 
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Fig. 5, where the difference between curve A and curve B is plotted against time. This difference 
curve is fitted by the equation, analysed in Fig. 5, 


ee ee Pe oe a a ee 


where A is the difference at time ¢ and A, that at time fy, the end of the thermal lag. 


DISCUSSION 

Reactor Decomposition.—One of the principal aims of this study was the determination 
of the decomposition procured by fission-fragment recoils. For this purpose it is desirable 
to separate and assess the individual contributions of all components of reactor radiation 
to the decomposition. Even here we have to make the simplifying assumption that the 
activation of the reactant by one type of radiation is not affected by the presence of 
another type of radiation. Initially, it is convenient to divide the contributions to the 
decomposition into three classes. These are the energy-deposition mechanisms associated 
with the effects of thermal neutrons, fast neutrons, and pile y-rays. 
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(a) Thermal neutrons. Neutrons moving with thermal velocity will not cause lattice 
damage except through the initiation of nuclear reactions. The most probable reaction, 
and also the most energetic, is the slow neutron fission of uranium-235. Other reactions 
to be considered include radiative capture by uranium-235, uranium-238, oxygen and 
carbon, the (”, «) reaction with oxygen-17 and the fission of uranium-239. For convenience 
we include the energy deposition by the decay of fission-product activity in the sample 
itself and of uranium-239 to give neptunium-239 in this group. 

The slow neutron fission of uranium-235 yields 162 x 10® ev per fission in the form of 
kinetic energy of the fission fragments. This is the largest single source of energy which 
will be encountered, and all other energies will be quoted as electron volts deposited per 
slow neutron fission of uranium-235. On this scale we find that for the larger samples 
the energy deposition by the $-particles from the fission products is approximately 3 x 10® 
ev, but is quite negligible for the smaller samples. The fission of uranium-239 deposits 
an insignificant amount of energy, but the remaining sources listed above deposit 
8-7 x 10° ev, of which perhaps 85% is expended as ionisation and 15% in producing 
displacements. 

These sources of energy are eliminated for all practical purposes if the samples are 
covered with a l-mm. thick cadmium sheath. 

(b) Epi-cadmium neutrons. These more energetic neutrons cause energy deposition 
principally by two processes. First, they are strongly scattered by the light atoms in 
the oxalate ion and thereby cause displacements; Anderson’s calorimetric estimate? of 
the energy absorbed by fast neutron scattering from carbon and oxygen gives a value 
of 1-4 x 10° ev per slow neutron fission of uranium-235 in this case. Secondly, the 
epi-cadmium neutrons will cause some fast fission of uranium-238 with a certain amount 
of epi-cadmium fission of uranium-235. At the present stage no ab initio calculation of 
these contributions can be made, but it is expected that the total energy contribution 
from the recoiling fission fragments produced in these processes will not exceed 5% of 
the contribution from the slow neutron fission of uranium-235. No attempt is made to 
separate the epi-cadmium fission of the two isotopes. 

(c) Pile y-rays. Calculation from Anderson’s calorimetric results suggests that the 
energy absorbed from y-rays would be 3 x 10® ev per slow neutron fission of uranium-235, 
i.é., approximately 1-5% of that deposited by fission fragments. 

It must be remembered that in assessing the relative contribution of these three principal 
types of radiation we are not merely concerned with the amounts of energy absorbed, but 
also with the chemical decomposition which this energy absorption procures. The situ- 
ation can be summed in the equation 


Mel MR po ge Vogue @ 


where N is the number of molecules decomposed, EF; is the amount of energy absorbed in 
mode i and G; is the corresponding G-value. The subscripts 7 are as follows: fission 
fragment recoil (F); radiolysis due to 8-decay of fission products (8); reactor y-radiolysis 
(y); fast neutron scattering (s); fast fission, epi-cadmium fission and associated $-radiolysis 
(f), and reactions induced by slow neutron capture (7), where contributions F, 8, f, and 7 
arise from neutron capture within the sample. For normal uranyl oxalate, equation (3) 
is written : 


Nn = EpGp + EpGeg + (E,G, + E.G, + EjG;+ E,G,). . . (4 
and for depleted uranyl oxalate 
Np = (EpGp + EgpGg)/D + (E,G, + E.G, + E/G;+ E,'G,) . . (5) 


where D is the depletion, in this case 40. Terms EF,’ and E,’ are smaller than E; and E,, 
though not by as much as a factor of 40. Since they are so much smaller than E,, the 


7 Anderson, A.E.R.E. Report C/R. 2253. 
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change in value on depletion is neglected and the térms in parentheses in equations (4) 
and (5) are set equal. On this basis, using the experimental value N,/Np = 18-2 obtained 
from the slopes of the «—N plots in Fig. 1, we find that the parenthetical term is 3-26% 
of (EyGy + EgGg), whence equation (4) may be written 


a eS 


N,, is measured, Ey and Eg are calculable, whence G,» is found to be 5-1, if Gg is given the 
reasonable value of 0-1 obtained from y-radiolysis. On this basis we find that 8187 x. 108 
molecules are decomposed by fission recoils and 3 x 10* molecules by fission-product 
8-radiolysis for each fission, leaving 270 x 10* molecules to be accounted for by the 
parenthetical terms in equations (4) and (5). Using Anderson’s results to calculate E, 
and assuming G, to be 0-1, we obtain E,G, = 3 x 10%. This leaves 267 x 10° molecules 
to be shared amongst modes s, f, and vr. The value of G, is chosen to be 2. This is a 
weighted value allowing G-values of 10 and 0-1 for that part of E, arising from displace- 
ments and ionisation, respectively. We thus obtain E,G, = 17 x 108 for G,= 2. The 
value G = 10 is adopted on the basis of Hall and Walton’s work on the decomposition of 
potassium nitrate,’ in which the recoiling fission fragments were artificially slowed down, 
coupled with the assumption that heavy recoil atoms from (n, y) radiative capture will 
behave in the same way as slowly moving fission fragments. The value G = 0-1 is obtained 
from y-radiolysis. This leaves 250 x 10% molecules decomposed per slow neutron fission 
of uranium-235 to be divided between terms fands. Nowtheratio(F + 68+r+/f/+s+ 
vy): (f+ s + y) should be comparable to the ratio of the rate of decomposition of bare 
uranyl oxalate to the rate for material shielded from thermal neutrons by cadmium foil. 
The calculated ratio is 32:1, and the experimental ratio is 36:1. The correspondence 
is sufficiently close to give some confidence in our assignment of the EG; values to terms 
F, 8, y, r, and (f+ s), but the comparison is confused by the introduction of radiolysis 
induced by the y-rays from the ™8Cd(m, y)"4Cd reaction. The calculated and experi- 
mental cadmium ratios for decomposition can be made to agree if it is assumed that the 
cadmium shield enhances E,, by a factor of 10. This is believed to be a reasonable value, 
but has not yet been checked experimentally. 

The value G, refers to direct energy transfer to the oxalate ions by slowly moving 
displaced atoms and should therefore be high. We adopt Hall’s value of 10, giving 
E.G, = 14 x 108, leaving 236 x 10% molecules to be accounted for by the epi-cadmium 
fission of uranium-235, the fast fission of uranium-238, and 6-radiolysis by the fission 
products so produced. The value of E for this last process is small enough for G; to be 
put equal to 5-1. This value of G; requires that E; shall be 4-6 x 10® ev per slow neutron 
fission of uranium-235, which suggests that the ratio of all epi-cadmium fissions to slow 
neutron fission of uranium-235 must be about 0-027. This is a reasonable value. The 
results of these calculations are collected in the Table below. The energy and decomposi- 
tion terms are given per slow neutron fission of uranium-235. 


Energy No. of oxalate ions 

Energy source (ev) G decomposed 

ONIN MOGI! OP iindsdvciecévdcetadectss tevacndccedeclevtos 162 x 10° oe | 8187 x 10° 
Fission produce radiolysis  ............sssssessceeeees 3 x 10° 0-1 3 x 108 
Fast mowtrom Scattering «.........ccccsccsscccscesesses 1-4 x 10° 10 14 x 108 
Nuclear reactions induced by slow neutrons... 8-7 x 10° 2 17 x 108 
BP CRNA TIGIEE cn cspccctcccseccsccsseccascnsccetses 4-6 x 10° 5-1 236 x 108 
PD SI 605 éndsaccdansccateinehqnsunscdevieesue 3 x 10° 0-1 3 x 108 
WE Cada detceteunseectnccssarssicssavtntusdbesuaeces 1-74 x 108 G = 4-87 8-46 x 10° 
Cadmium-shield y radiolysis ..............s.eeeeeees 30 x 108 0-1 30 x 108 


The form of the decomposition curve for reactor decomposition is accurately given 
by equation (1). The term N can be replaced by ¢#, where ¢ is the average thermal 
neutron flux and ¢ is the time of irradiation, making the equation of first order with respect 
to time for a constant rate of energy input., This form is completely consistent with a 
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decomposition rate (da/dt), or (da/dN) proportional to the amount of undecomposed 
material remaining, which in turn is consistent with decomposition located where fission 
fragments traverse virgin reactant. It is not consistent with chemical utilisation of 
energy absorbed by the reaction product in, say, an interface reaction, at least below 
85°, decomposition. At these high degrees of decomposition, at which stage the reaction 
product can acquire some of the properties of bulk uranium oxide, there is fragmentary 
evidence that (d«/dN) rises above the value expected from the first-order equation. This 
question is, however, better studied by using enriched material or irradiations at higher 
fluxes (DIDO) to avoid possible interference by fission of plutonium-239. 

The Stoicheiometry of the Reaction.—In order to discuss the stoicheiometry of the 
reaction it is first necessary to consider the processes occurring along the recoil tracks. 
At the beginning of its recoil the fission fragment carries a charge of about +20. It will 
therefore be dimensionally small. Near the beginning of the track, although some direct 
collisions will occur, the majority of the damage done will be by ionisation and recoil of 
heavily ionised uranium and uranyl ions away from the track. These ions will be larger 
than the recoiling fission fragment and during their progress towards an interstitial position 
will transfer energy directly into the vibrational modes of the oxalate ion, thus causing 
decomposition at or near the site of the original track. The secondary and tertiary 
displaced ions will probably rest in interstitial positions in the highest available valency 
state (US* or UO,?*), first, because they started as highly charged positive ions, secondly, 
because the strain interaction with the lattice is lower for smaller ions, and thirdly, because 
the Madelung potential of the lattice does not normally favour electron trapping at 
interstitials. 

As the fission fragment slows down, its own degree of ionisation is reduced, the ionis- 
ation which it can produce becomes less, and the probability of displacement becomes 
greater. That is to say, the recoil away from the track of highly ionised ions by mutual 
coulombic repulsion is replaced by the recoil of knocked-on ions. It is suggested that 
these recoiling atoms do not behave in a fundamentally different way from those produced 
near the beginning of the tracks, though it appears that there may well be many more 
of them per unit length of track as the fission fragment slows down. In this connection, 
Hall and Walton * have shown that the G-value for the decomposition of nitrates tends 
to rise towards the ends of the fission-fragment tracts. 

It is now suggested that the initial radiation decomposition induced by the passage 
of a fission fragment is a virtual disintegration of the oxalate anion into, say, carbon 
monoxide, carbon, and oxygen in both neutral and ionised states, and that the gases which 
we measure as decomposition products are determined in composition wholly by the 
recombination of these fragments in a particular disordered solid environment. The 
important point is that this environment presents displaced uranium and uranyl ions of 
essentially two types: (a) Urany]l ions situated at the site of the original fission fragment 
track which are accessible to the gaseous atomic and radical reactants formed by the 
breakdown of the oxalate ion. These ions are situated on the path along which the gas 
diffuses out of the crystal. (6) Uranyl ions in interstitial sites near the fission fragment 
track, but substantially in the oxalate matrix, which are not immediately available to 
the disintegration products. These atoms correspond to the tertiary and quaternary 
displacements of Ozeroff’s theory.§ 

In order to maintain electrical neutrality, oxygen ions equal in number to the inaccess- 
ible uranyl ions are chemisorbed, probably in the tertiary region of the recoil track, and 
an equivalent amount of carbon monoxide is found in the gas phase. During heating 
to 300°, either electrons from the chemisorbed oxygen migrate to the uranyl ions of type (0), 
or these ions migrate to the recoil tracks. The latter interpretation is favoured because 
of the instability of interstitial cations of low valency. 

On the basis of this model about 4 « 10® displaced ions of type (5) or their equivalent 
§ Ozeroff, U.S. Reports A.E.C.D. 2973: K.A.P.L. 205. 
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in positive holes should be produced per fission, which means that on average one uranium 
ion is displaced per unit cell disrupted. If we further assume that the track of each fission 
fragment is 5 uw long, we find that the tube of decomposition has an average radius of 
70 A. Lattice disorder in its strict sense will extend beyond this, but in essence an 
irradiated sample of crystallite size 3 4 can be regarded as being completely traversed by 
highly disordered decomposed tubes of radius 70 A. According to Ozeroff’s calculations 
for uranium, about half the total number of displaced atoms are tertiary atoms with 
kinetic energies of ca. 20 ev. We require a maximum of one quarter of the total number 
of displaced ions to move into the oxalate matrix without causing substantial decomposition 
towards the ends of their tracks (~16 A). This appears to be reasonable for a G-value 
of 10 for slowly moving ions. It is noteworthy that the calculated volume of the de- 
composed oxalate is of the same order as the volume into which displaced atoms move 
and come to rest, as calculated from Ozeroff’s equations. 

Thermal Decomposition.—This section is concerned with the changes in reactant topo- 
graphy on irradiation as reflected in the kinetics of the subsequent thermal decomposition. 
However, in general terms the form of the decomposition plot (A) in Fig. 4 for unirradiated 
material is consistent with an interfacial decomposition initiated at points of emergence 
of subgrain boundaries, followed by propagation of reaction over the planes of the sub- 
grain boundaries and subsequent penetration of the interface so formed into the grains. 
The confirmation in detail of such a mechanism is a lengthy procedure involving a wide 
experimental approach, but microscopic examination of partially decomposed crystals 
justifies its assumption here. 

The point of interest is that in irradiated material the subgrains are traversed by a 
fixed number of linear imperfections which are also lines of chemical inhomogeneity. It 
is at just such lines of strain that the activation energy for decomposition is reduced and 
we suggest that, the nucleation requirement having been overcome during the irradiation, 
interfacial reaction is established during the thermal lag. The reaction then propagates 
radially at a constant rate. Since the fission-fragment range is greater than the largest 
dimension of the individual crystals, the tracks will normally traverse the crystals forming 
cylinders of product of constant length. Such development proceeds according to the 
equation 

V—Vo=PLG—tf. . . 1. 2. 2 ee 
where V is the volume of product at time #, V, is the volume at the end of the thermal 
lag ty, R~ is the averaged rate constant for radial growth, and L includes the total length 
of cylinders with a correction for initial overlap. 

This equation holds until the growing cylinders begin to overlap significantly with 
each other or with the advancing interface formed at the subgrain boundaries. In practice 
it is found that the form of the equation without a time-dependent correction for overlap 
accurately reproduces the difference between the irradiated and unirradiated samples up 
to 40% decomposition of the irradiated sample. The analysis according to equation (7) 
is shown in Fig. 5. 

It will be noted that a higher dose of pre-irradiation enhances the early stages of the 
decomposition more than the maximum rate. This is due to early overlap between the 
larger number of cylindrical zones. Furthermore, application of the rate constant obtained 
from the thermal decomposition of unirradiated material on the assumption of contracting 
envelope topochemistry to the expansion of the recoil tracks during the thermal decomposi- 
tion of irradiated material, predicts the acceleration by pre-irradiation to within 20%. 
The burst of gas occurring near the beginning of runs B and C is ascribed to the thermal 
decomposition of disordered oxalate adjacent to the recoil tracks. 


I am indebted to Mr. J. Wright for suggesting the problem and to Mr. Wright and Dr. A. R. 
Anderson for discussions on the general problems of pile radiation chemistry. 
A.E.R.E., HARWELL, nr. Dipcot, BERKs. (Received, January 25th, 1960.) 
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878. Aromatic Nucleophilic Replacement. Part VII.* The Reaction 
of NN-Dialkyl-p-nitrosoanilines with Aqueous-methanolic Alkali. 


By C. W. L. Bevan, J. Hirst, and A. J. Forey. 


Cleavage of NN-dialkyl-p-nitrosoanilines with aqueous-alcoholic alkali has 
been assumed to be an example of aromatic nucleophilic replacement of the 
alkylamino-group by hydroxide ion. Evidence is now presented that this is 
not so and that the mechanism is similar to the basis of the Mannich reaction, 
the ease of reaction being due to the stability, in solution, of p-nitrosophenol 
as its tautomer, benzoquinone monoxime. The effect of varying the alkyl 
groups in dialkyl-p-nitrosoanilines is briefly discussed. 


REACTION of NN-dialkyl-p-nitrosoanilines with aqueous-alcoholic alkali to produce p-nitroso- 
phenol and a secondary amine is a well-known preparative method. Hydrolysis of 
dimethyl-p-nitrosoaniline in 50° aqueous ethanol was found by Miller and Adams? to 
obey second-order kinetics with an activation energy of 13 kcal. mole and log B = 6 (k, = 
Bexp E/RT). On this basis they concluded that “‘ the mechanism of the reaction may be 
thought of as a typical aromatic nucleophilic displacement.”’ For 50° aqueous-methanol 
solutions we have confirmed Miller and Adams’s observations but a more detailed investig- 
ation reveals serious departures from the behaviour expected for a simple aromatic nucleo- 
philic replacement. 

In the reaction between an anion and a neutral molecule, the Hughes—Ingold ? theory 
predicts that solvent effects are small and that more ionising solvents retard the reaction. 
Thus, in the aliphatic series, for the reaction between isopropyl bromide and hydroxide 
ion * the ratio of the bimolecular rate in absolute ethanol to that in 40° aqueous ethanol 
is 2. In aromatic nucleophilic replacement, e.g., for the reaction 1-chloro-2,4-dinitro- 
benzene with methoxide ions Briner and Miller * give the ratio of the bimolecular rate in 
methanol—methy] acetate to that in absolute methanol as 3-44 at 0°. 

For the reaction of dimethyl-f-nitrosoaniline under consideration the effect is in the 
opposite direction. Increasing the proportion of methanol in aqueous-methanolic 
solutions leads to a large apparent decrease in rate (see Table 1), and in absolute methanol 
the reaction does not take place at 30° (for 0-02974M-nitroso-compound and 0-2634N-OMe~, 
the optical density remained constant for 76 hr.*). 


TABLE 1. Reaction of dimethyl-p-nitrosoaniline with aqueous-methanolic alkali: variation of 
second-order rate constant with water content of the solvent at 29-99°. 


H,O 105, = ky 104k, = 
(%) [Total Alkali], 10%, 10°k,/[Total Alkali], [5% H,O}] 10%,* 10%,f[OH-]* 
5 0-3920 2-77 0-707 1 2-77 2-06 
10 0-3122 4-32 1-39 1-97 4-32 1-97 
50 0-3275 81-7 25-0 35-36 81-7 6-19 


* See text, next page. 


Product analysis led to the recovery of 92-8°/, of the starting material after 24 hr. at 30° 
in absolute methanol, and to isolation of 88-9°% of p-nitrosophenol when the solvent was 
50% aqueous methanol. 

Bunnett and Davis ® showed that methoxide is approximately 33 times more powerful 


* Part VI, J., 1956, 4284. 
t+ After ~120 hr. the optical density of the mixture falls (from 0-338 to 0-302). This is ascribed to 
reaction, possibly reduction, of the nitroso-group and not to the dimethylamino-part of the molecule. 
' Miller and Adams, J. Amer. Chem, Soc., 1953, 75, 4599. 
* Hughes and Ingold, J., 1935, 252. 
* Ingold, “‘ Structure and Mechanism in Organic Chemistry,” G. Bell and Sons Ltd., London, 1953, 
p. 349. 
‘ Briner and Miller, J., 1954, 4682. 
* Bunnett and Davis, ]. Amer. Chem. Soc., 1954, 76, 3011. 
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than hydroxide as a nucleophile in aromatic nucleophilic substitution, and have used this, 
together with Hine and Hine’s observation * that methanol is a stronger acid than water, 
to explain the preponderance of ether, formed in the reactions of activated aryl halides 
with aqueous-alcoholic sodium and potassium hydroxide. On this basis the main product 
of reaction of dimethyl-p-nitrosoaniline with alkali in 50% aqueous methanol should be 
p-nitrosoanisole: in fact, we isolated 88-9°% of p-nitrosophenol and no anisole. 

If, for the system RO- + H,O == ROH + OH, it is assumed that the only nucleo- 
phile that can react to completion with dimethyl-p-nitrosoaniline is the hydroxide ion, 
then isolation of p-nitrosophenol from aqueous-methanolic solutions and the absence of 
reaction in absolute methanol are provided with a ready explanation; moreover, the 
anomalous solvent effect becomes intelligible. 

Hine and Hine,® for the reaction HA + PriO- == A~ + Pr'OH, gives the following 
values for k, (defined as k, = [A]/[HA][Pr'O-}): for HA = H,O, K, = 1-20; for HA = 
MeOH, k, = 4-0. Thus, k,(H,O)/k.(MeOH) = [MeOH][(OH~}/[H,O][OMe~] = 0-3. If we 
assume that [OH] < [H,O], the hydroxide-ion concentration in various methanol—water 
mixtures can be calculated (see the last two columns of Table 1). Hence within the 
limits of the calculation, the second-order rate constant for reaction with hydroxide ion 
increases approximately threefold in going from 5% to 50% aqueous methanol. 

The greater part of the increase in rate in Table 1 is attributed on this basis to the fact 
that the hydroxide ion is the only effective reagent. The residual increase corresponds to 
that observed ” in the reaction between o-dinitrobenzene and methoxide ion when a change 
from absolute methanol to 50°, aqueous methanol increases the rate by a factor of 1-5. 
That the rate of reaction does increase with increasing dielectric constant of the solvent 
is shown, as illustrated below, by comparing the rate in 60° aqueous dioxan with that in 
50° methanol corrected for hydroxide-ion concentration. 


Solvent € 164k Relative rate 
or Ee ee eee 26¢ 3-07 1 
TP Fe MAME os cinnciiercesscaneses 57° 6-19 2 


* Hartmann, Z. phys. Chem., 1942, A, 191, 197. Calc. from results of Jones and Davies, Phil. 
Mag., 1939, 28, 207. 


There is also a considerable difference between the values of the log B factors found in 
these reactions (7-0 for the dimethyl compound in both aqueous methanol and dioxan, and 
8-6 for the diethyl compound) and that of ~11 for the reactions of anions with activated 
aromatic halides. Recently, Arrhenius parameters have been given ® for the reaction 
between 1-benzylpyridinium bromide and ethoxide ion in ethanol (E = 12-8 kcal. mole™ 
and log B = 6-2). This reaction probably involves attack by an anion on the a-carbon of 
the pyridine ring (cf. Bergstrom ™), and the probability factor is of the same order as for 
the reaction under discussion. This is consistent with the view that the reaction under 
discussion is essentially attack on the carbon of a SC°N*< bond. 

Evidence from ultraviolet and infrared spectroscopy, dipole moments, polarography, 
and kinetics ™ shows that the dimethyl-f-nitrosoaniline molecule has a large contribution 
from the structure Me,N*:C,H,:N-O~, and in acid solution the ultraviolet spectrum shows 
that the nitroso-group does not exist as such, 7.e., the proton is attached to the oxygen 
atom '* and the stable form of p-nitrosophenol is its tautomer, /-benzoquinone monoxime. 
Jaffe ' calculated that the quinonoid form is 4—6 kcal. mole! more stable than the 


* Hine and Hine, J. Amer. Chem. Soc., 1952, 74, 5266. 

7 Lobry de Bruyn and Steger, Rec. Trav. chim., 1899, 18, 41. 

8 Bevan and Hirst, J., 1956, 254. 

* Bevan, J., 1960, 347. 

© Bergstrom, Chem. Rev., 1944, 35, 77. 

't Gowenlock and Luttke, Quart. Rev., 1958, 12, 321. 

‘2 Schors, Kraaijeveld, and Havinga, Rec. Trav. chim., 1955, 74, 1243. 
13 Jaffe, J. Amer. Chem. Soc., 1955, '77, 4448. 
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benzenoid structure. Hadzi showed by infrared spectroscopy “ that in the solid state 
p-nitrosophenol is completely in the quinonoid form; Schors e¢ al. showed by ultraviolet 
spectroscopy ** that the benzenoid form is present only to about 20% in methanolic and to 
a small extent in aqueous solution. 

On the above basis we propose that the mechanism of hydrolysis under discussion is: 


Slow MegN\ 
Me,N+:CgH,.N°O- +- OH- === Joh enO- (A) 
HO 


(A) + OH- ———t O7C,H,IN-O- +- MegN- + H,O 


7 | 


Me,NH + OH- 


Although the second stage is written as a bimolecular reaction it could take place by a 
unimolecular mechanism: the kinetics of the reaction do not distinguish between the two. 
The system, as formulated, is a pseudobasic one, similar to that given by Ingold * as 


the basis of the Mannich reaction, Me,N*:Cz + OH- —= sates teams —» Me,NH + 


SCO, the driving force being the extreme stability of p-benzoquinone monoxime. 

This, we believe, is the reason for the specificity of hydroxide ions rather than 
of alkoxide ions. Further, if decomposition of the intermediate is a bimolecular process, 
depending on the abstraction of a proton by a second molecule of base, then reaction by 
alkoxide cannot take place. 

Although in the proposed reaction scheme the first stage is represented as slow, there 
is little direct evidence for this. In several runs the zero readings gave concentrations 
agreeing within experimental] error with the weight taken; hence either the first step is 
slow or, if a rapid equilibrium is established, it must lie very much to the left. 

Progressive replacement of methyl by ethyl in the dialkylamino-group decreases the 
rate, owing to an increase in activation energy (see Table 2). This is thought to be a steric 


TABLE 2. Effect of change of the alkyl groups in p-NRR"C,HyNO. Reactions in 
50% aqueous methanol at 30-34°. 


RR’ 10*k, k,/k,(Me,) _E (kcal. mole=) log B 
Ti -seiesseininhiictepaceanaie’ 2-50 1 15-2 7-36 
BEE “nscsstsetocsaccsisiteeve 1-23 0-49 
ils! sesscsdndoctbbacesnndibcasi 0-507 0-20 18-0 8-66 


effect though the change in entropy is in the opposite direction to that in nucleophilic 
substitution at a saturated carbon atom.!® This can be explained as follows. In the 
ground state of the molecule the presence of a double bond severely limits the number of 
stable conformations, a restriction that is not present in the intermediate; moreover, 
owing to the presence of «-methyl groups this effect should be greater in the diethyl than 
in the dimethyl compound. Thus, an increase in activation energy from the dimethyl to 
the diethyi compound would be expected owing to steric strain, but the latter should show 
a larger entropy of activation. 


EXPERIMENTAL 

Commercial dimethyl-, diethyl-, and ethylmethyl-aniline were refluxed with acetic acid and 
acetic anhydride and then distilled. The nitroso-compounds were obtained by reaction with 
nitrous acid. M. p.s were as follows: dimethyl- (from light petroleum), m. p. 86—87°, diethyl- 
(from acetone), m. p. 85—86°, and ethylmethyl-p-nitrosoaniline (from di-isopropyl ether), m. p. 
68—69°. ‘ 

p-Nitrosophenol, prepared by nitrosating phenol and sublimed, had m. p. 139° (decomp.). 

4 Hadzi, J., 1956, 2725. 


18 Ref. 3, p. 581. 
Ref. 3, p. 408. 
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Magnesium (10 g.) and iodine (0-5 g.) were dissolved in ‘‘ AnalaR ’’ methanol (2 1.), which 
was then refluxed for } hr. and distilled. 

Solvents were made up by volume. L£.g., 10% aqueous methanol was obtained by mixing 
10 c.c. of distilled water with 90 c.c. of methanol. 

Kinetic Runs.—Optical density measurements were taken on a Unicam S.P. 500 spectro- 
photometer. Thermostat temperatures were constant within 0-02°. Dimethyl-p-nitroso- 
aniline has an absorption maximum ! at 675 my, and optical density measurements were done 
at this wavelength, although 2,,, for diethyl-p-nitrosoaniline is at 655 my (e 62-5) and for 
ethylmethyl-p-nitrosoaniline at 647 (c 66-3). At 675 my all the dialkyl-p-nitrosoanilines and 
p-nitrosophenol obeyed Beer’s law in all solvents over the range of concentrations used. 

Method. (a) Under conditions giving first-order kinetics. A weighed amount of the dialkyl- 
p-nitrosoaniline was dissolved in, and made up to 150 c.c. with, methoxide solution at thermo- 
stat temperature and placed in the thermostat for 5 min. before the zero reading was taken. 
Samples (5 c.c.) were pipetted into ‘“‘ AnalaR ’’ methanol periodically, the volumes made up to 
50 c.c., and the optical densities determined immediately. 

(b) Under conditions giving second-order kinetics. Solutions of dimethyl-p-nitrosoaniline in 
the neutral solvent, and alkali in the same solvent, were allowed to come to thermostat temper- 
ature. Aliquot portions of the two solutions were then mixed so as to give the required con- 
centrations. The reaction was stopped and readings were taken as described in (a). 

Calculations. From an analysis of the Beer’s law graphs, confirmed for known mixtures of 
dialkyl-p-nitrosoanilines with p-nitrosophenol, it was found that the concentration of dialkyl-p- 
nitrosoaniline remaining at any time in a run can be obtained for the formula: [Nitroso-com- 
pound] = (O.D. — 2-938%)/(k, — 14-69), where O.D. is the optical density reading, x the initial 
concentration (moles 1.1) calculated from the weight of dialkyl-p-nitrosoaniline used, and h, is 
for dimethyl- 58, for diethyl- 58-47, and for ethylmethyl-p-nitrosoaniline 59-83. 

When the ratio of the concentrations of dialkylaniline to alkali was 1: 10, the first-order 
formula k, = (2-303/t) log a/(a — x) was used, and the second-order constant obtained by 
dividing k, by the original concentration of alkali. Where the concentration ratio was 1: 2, 
the second-order formula was used: 

hed 2-303 - b (a —x) 
“— t(a — b) a (b —x) 
Results. See Tables. 


Determination of kg (|. sec. mole“) for reaction of dimethyl-p-nitrosoaniline with OH~ in 
60°% aqueous dioxan at 30-34°. Initial [Nitroso] = 0-02988nN; [OH~] = 0-06258N. 


T (min.) ... 0 180 300 360 480 570 707 789 955 
OLD... seseds 0-342 0-300 0-275 0-263 0-244 0-236 0-212 0-207 0-189 
[Nitroso] ... 0-02932 0-02447 0-02159 0-02020 0-01801 0-01709 0-01432 0-01374 0-01166 
[OH-]} ... 006202 0-05717 005429 0-05290 0-05071 0-04979 0-04702 0-04644 0-04436 
BO Rg | ccceee - 2-82 2-94 3-03 3-04 2-87 3°17 3-02 3°13 


Mean k, = 3-00 x 10-4 (duplicate 3-13 x 10°‘). 


Determination of k, (sec.*) for the reaction of ethylmethyl-p-nitrosoaniline with OH~ in 50% 
aqueous methanol at 30-34°. Initially [Nitroso] = 0-03030n; [OH~] = 0-3077N. 


T (min.) ... 0 80 100 150 180 210 330 350 400 
US: Seer 3-336 0-294 0-284 0-264 0-250 0-245 0-205 0-201 0-187 
[Nitroso] ... 0-02736 0-02271 0-02160 0-01938 0-01783 0-01728 0-01285 0-01241 0-01085 
Bae. .cevsee - 3-88 3°94 3°83 3-96 3°65 3-82 3°77 3°85 


Mean k, = 3-84 x 10°5; kz = 1-25 x 10-4 (1. sec.“ mole“) (duplicate k, = 1-22 x 10-4). 


Reaction of dimethyl-p-nitrosoaniline. 
(a) In 50% aqueous methanol at 30-36°. (k, corr. for solvent expansion.) * 


[OMe], [Nitroso] [NaClO,} 10*k, 
0-06350 0-03 0 2-94 
0-06350 0-03 0-2995 2-16 
0-3275 0-03 0 2-50 


* This table illustrates salt effect and the lack of catalysis by excess of OH-. 
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(b) Activation energy in 50% aqueous methanol. (c) In 60% aqueous dioxan. [OH~], = 0-06258n; 
[Nitroso], = 0-03n. k, calc. by second-order 


formula. 
Temp. 10*k, Temp. 10*k, 
39-92° 5-68 20-06° 1-41 
30-36 2-50 30-34 3-07 
20-06 1-09 40-23 7-04 
Average E = 15-2 (kcal. mole“) Average E = 14-6 (kcal. mole“) 
Average log B = 7-3601 Average log B = 7-0246 


Activation energy for diethyl-p-nitrosoaniline in 50°, aqueous methanol. 
Temp. 20-13° 30-34° 40-23° 
Bg. wececcctictennns seonssseeriessasubenden 0-153 0-507 1-19 


Average E = 18-0 (kcal. mole!) 
Average log B = 8-66 


Isolation of Products.—(a) Dimethyl-p-nitrosoaniline (0-7474 g.; m. p. 84—85°) was left in 
0-2043N-methoxide (100 c.c.) at 30-34° for 24-75 hr. The mixture was acidified with methanolic 
hydrogen chloride, and the methanol removed by bubling warm oxygen-free nitrogen under 
reduced pressure. The residue was extracted with ether and dilute aqueous ammonia; the 
ethereal solution was washed three times with water and dried (Na,SO,). Evaporation under 
reduced pressure gave a residue, m. p. 83° (mixed with original material, 84—85°) (Found: C, 
64:2; H, 7-2; N, 18-3. Calc. for C,H,)N,O: C, 64-0; H, 6-7; N, 18-7%). 

The recovery of dimethyl-p-nitrosoaniline (0-6935 g.) corresponds to 92-8%. ; 

(6) Dimethyl-p-nitrosoaniline (0-5130 g.) in 50% aqueous methanol (100 c.c.) 0-2896N in 
alkali was left at 20-99° for 24-5hr. The solution was poured into ice-cold water (400 c.c.) con- 
taining 2N-sulphuric acid (15 c.c.); 2N-sulphuric acid was added to acidity to Congo Red. 
The mixture was extracted with ether, and the extract washed three times with water and dried 
(Na,SO,). Evaporation gave a residue (0-3682 g.), m. p. 128° (decomp.) [mixed with p-nitroso- 
phenol 129—130° (decomp.)]. 


We acknowledge assistance from Mr. P. O. S. Adeyinka and Mr. S. S. A. Akeju in the prepar- 
ation of the nitrosoamines and, with Mr. O. T. Eshett, in the carrying out of some preliminary 
rate measurements. 
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879. Some Preliminary Synthetical Studies with 5,6,7,8-T etra- 
hydro-8-methylindane-| ,5-dione. 


By C. B. C. Boyce and J. S. WHITEHURST. 


Some reactions of the compound (I) named in the title have been 
investigated, principally with a view to setting up a tvans-ring junction. 
Certain steroid analogues with a cis-fusion of the c/p rings have been 
prepared. 


Ir a hexahydroindane is to serve as an intermediate in a steroid synthesis, it is vital that 
a trans-junction of the rings shall be incorporated in the intermediate or derivable at some 
future stage. It is of advantage to start with a saturated compound of the correct 
stereochemistry for proof of stereochemistry may be difficult at a later stage. Com- 
pound (I) is an obvious steroid intermediate ! and its reduction has been studied with the 
intention of using the information so gained on 4-substituted derivatives. 

Treatment of the dione (I) in ethanol with an equivalent amount of sodium boro- 
hydride gave an oil (82° yield) which was shown to be homogeneous by chromatography. 


_ 1 (a) Acklin, Prelog, and Prieto, Helv. Chim. Acta, 1958, 41, 1416; (6) Boyce and Whitehurst, /., 
59, 2022. 
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Ultraviolet light absorption (Amsx. 242 my; ¢ 11,200) and the formation of a scarlet dinitro- 
phenylhydrazone showed the conjugated enone system to be intact. The reduction was 
therefore both selective and stereospecific, and by analogy with the reduction of 17-keto- 
steroids ? it was expected that the product was the (racemic) (8-)alcohol (II). At this 
point Prelog and Acklin * showed that the microbiological reduction of the dione (I) gave 
the optically active alcohols (II) and (III) (absolute configurations as depicted). a 


LD LD LD Lp. 


(II) (ILI) (LV) 


the kindness of Professor Prelog and Dr. Acklin we were able to compare their products 
with ours. The infrared absorption of our ketol was identical with that of Prelog and 
Acklin’s (II) but significantly different, especially in the 1350—1200 cm.* and the 1080— 
1000 cm. regions, from that of the stereoisomer (III). Our compound was therefore the 
racemic form of (II). 

Lithium-ammonia reduced the alcohol (II) to a waxy solid (IV) (2,4-dinitrophenyl- 
hydrazone, m. p. 155—156°). It was expected that this was the cis-compound as the 
anion (V) should be more stable in the cis- than in the trans-form.* 

It was then found that catalytic reduction of the ketol (II) gave a saturated ketol; this 
was at first erroneously thought to be the desired ¢rans-compound as its 2,4-dinitrophenyl- 
hydrazone melted at 133°. However, Wolff—-Kishner reduction furnished the alcohol (VI) 
which was oxidised to the cis-ketone (VII), derivatives of which were identical with those 
of an authentic specimen ® kindly provided by Professor W. S. Johnson (Wisconsin). 
Oxidation of the cis-ketol (IV) gave the ee (VIII), which was also obtained 


Cb CD cp md 


(VI) (VID (VII1) (LX) 


directly from our starting material (I) by catalytic reduction. Re-examination of the 
product of the lithium—ammonia reaction showed it to be identical with that of hydrogen- 
ation. The 2,4-dinitrophenylhydrazone of m. p. 156° melted at 133° after repeated crys- 
tallisation: polymorphism of 2,4-dinitrophenylhydrazones is, of course, well known.® 

Attention was next turned to catalytic reduction of O-derivatives of the ketol (If) as 
it seemed possible that a bulky substituent might cause the compound to be adsorbed? 
from the «-face. The ketol benzoate was readily prepared but on hydrogenation and 
subsequent removal of the benzoyl group afforded the cis-compound (IV). The triphenyl- 
methyl derivative was also made but could not be hydrogenated except under conditions 
which removed the trityl group. 

Lithium aluminium hydride reduced the diketone (I) to two enediols (IX) (m. p. 101— 
103°, 60%; m. p. 145°, 16%) which were separated by chromatography. As the mixture 
gave, in high yield, the ketol (II), on treatment with manganese dioxide, these compounds 
were epimeric at C,,. Catalytic reduction of the compound of m. p. 101° under neutral 
conditions afforded the cis-monoalcohol (VI) and a saturated diol. The ring junction in 
® Fieser and Fieser, “ Steroids,” Reinhold Publ. Corp., New York, 1959. 

* Prelog and Acklin, Helv. Chim. Acta, 1958, 41, 1428. 

* Cf. Barton and Robinson, J., 1954, 3045; Birch, Smith, and Thornton, J., 1957, 1339. 

; Johnson, J. Amer. Chem. Soc., 1944, 66, 215. 
7 


Woodward, Sondheimer, Taub, Heusler, and McLamore, J. Amer. Chem. Soc., 1952, 74, 4223. 
Linstead, Doering, Davis, Levine, and Whetstone, J. Amer. Chem. Soc., 1942, 64, 1958. 








del 
Cat 
der 
thi 
pro 


tes! 
the 


two 
tos 


ena 


Fig 
Tan 


tro- 
was 
eto- 
this 
ave 
ugh 


icts 
and 


the 


the 


the 
en- 


-ys- 


) as 
od 7 
and 
iyl- 
ons 


ure 
nds 
tral 
1 in 





[1960} Studies with 5,6,7,8-Tetrahydro-8-methylindane-1,5-dione. 4549 


the latter was proved to be cis by oxidation to the cis-dione (VIII). In order to minimise 
hydrogenolysis, the enediol of m. p. 145° was hydrogenated with only a trace of catalyst 
present. One mol. of gas was taken up and a saturated diol isomeric with that above was 
obtained. This second diol could be obtained directly from the ketol (II) by hydrogenation 
with platinum under acid conditions.* By oxidation this compound also was shown to 
have a cis-ring junction. It is difficult to assign complete configurations to these com- 
pounds, because, as cis-ring junctions are involved, each diol can adopt two conformations. 
However, we believe § the compound of m. p. 101° to be the 58-epimer (angular methyl 
assigned a $-symbol). The separation of the enediols (IX) on alumina was often ac- 
companied by appearance of a carbonyl band in the infrared absorption of the eluates; 
this was particularly marked with alumina of high activity and can only be rationalised by 
a hydrogen-transfer f [(IX) to (IV)). 

It was by now clear that reduction of the 4,9-double bond always gave a cis-junction. 
We next decided to move this bond into the five-membered ring as there is ample evidence 
in the steroids themselves that a 14,15-double bond will accept hydrogen from the «-side.? 
The diketone (I) with triethyl orthoformate and hydrogen chloride under anhydrous 
conditions gave the enol ether (X): its ultraviolet absorption [Amax, (in cyclohexane) 
247 mu; ¢ 14,500] was consistent with a heteroannular arrangement of double bonds. 
Hydrogenation proceeded quantitatively with ethanol and palladium-strontium carbonate ; 
the intermediate was hydrolysed without isolation and afforded 4,5,6,7,8,9-hexahydro-8- 
methyl-cis-indane-1,5-dione (VIII): no other compound was isolated. 


oO OH OH H 
ak i> er the 
OH s* 
MeO MeO MeO 
(X) (X1) ( 


(XI) XII) 


The ketol (II) with /-methoxyphenyl-lithium gave the allylic alcohol (XI), readily 
dehydrated to a diene which is formulated as (XII) on the basis of its light absorption. 
Catalytic hydrogenation of this compound under neutral conditions gave a tetrahydro- 
derivative (XIII) which could possess either a cis- or a trans-ring junction. To establish 
this a similar sequence of reactions was carried out on the saturated cis-ketol (IV). The 
product was identical with that above, thus establishing a cis-ring junction in the com- 
pound (XIII). As a tvans-compound had not been formed, further modification to a 
testosterone analogue was not carried out. 

In a catalytic hydrogenation the four main variables are the compound, the medium, 
the catalyst, and the temperature. Experience shows that slight variations in the first 
two often profoundly influence the stereochemical nature of the product. It is difficult 
to see why the ¢rans-junction was not established in some of the above reactions. 


EXPERIMENTAL 
All the compounds are racemic; the angular methyl group (designated $- in the one 
enantiomer named) is chosen as reference point. 
Ultraviolet light absorption data refer to EtOH solutions. 
5,6,7,8-Tetvahydro-1B-hydroxy-8-methylindan-5-one (II).—A solution of sodium borohydride 


* The preferential formation of axial hydroxyl groups in acid solution (Barton, J., 1953, 1027) cannot 
be used to assign a configuration to this diol because of the non-rigid cis-ring junction. 
+ Such reactions are usually brought about with acids.® 


® Boyce, Ph.D. Thesis, Exeter, 1959. 

® Cf. Dreiding and Hartman, /. Amer. Chem. Soc., 1956, 78, 1216; Djerassi, Smith, Lippman, 
Figdor, and Herran, ibid., 1955, '77, 4801; Mosettig and Nes, J. Org. Chem., 1955, 20, 884; Hearne, 
Tamele, and Converse, Ind. Eng. Chem., 1941, 38, 805. 
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(1-02 g.) (recrystallised from diethylene glycol dimethyl ether) in propan-2-ol (100 ml.) and 
ethanol (100 ml.) was added during 45 min. to a stirred solution of 5,6,7,8-tetrahydro-8-methyl- 
indane-1,5-dione (I) (16-4 g.) in ethanol (50 ml.) at 0°. The mixture was stirred for a further 
15 min., and then allowed to reach room temperature during an additional 20 min. Acetic acid 
(2 ml.) was added, the dark brown solution becoming orange. Evaporation under reduced 
pressure gave a gum which was dissolved in chloroform and washed with water. The dried 
(MgSO,) organic layer was distilled; the ketol (13-55 g., 82%) had b. p. 140—144°/0-05 mm., 
n,'? 1-5310, Amax. 242 my (€ 11,500), vmax. (liquid film) 3420, 1640, 1440, 1420, 1354, 1322, 1270, 
1218, 1140, 1086, 1076, 1035, 1026, 1005, 956, and 870 cm. (Found: C, 71-4; H, 8-4. C,)H,,0, 
requires C, 72-3; H, 85%). Chromatography on alumina and elution with ether yielded 
identical fractions. The 2,4-dinitrophenylhydrazone crystallised from ethanol as scarlet plates, 
m. p. 149—149-5° (Found: C, 56-2; H, 5-5; N, 15-5. C,,H,,N,O, requires C, 55-5; H, 5-2; N, 
16-1%). The semicarbazone had m. p. 180-5—181-5° (from ethanol) and the 3,5-dinitrobenzoate 
crystallised from ethanol as needles, m. p. 90—91°. 

4,5,6,7-cis-8,9-Hexahydro-8-methylindane-1,5-dione (VIII).—5,6,7,8-Tetrahydro-8-methyl- 
indane-1,5-dione (I) (2-0 g.) in ethanol (50 ml.) was hydrogenated at room temperature and 
pressure over 2% palladised calcium carbonate (1 g.). Uptake ceased after 10 min. at 1 mol. 
Removal of catalyst and solvent, and filtration of the oily residue in ether through alumina, gave 
a solid (1-4 g.), m. p. 66—67°. Recrystallisation from 2: 1 ether—light petroleum furnished the 
pure cis-dione, m. p. 71-5—72-5° (Found: C, 72-2; H, 8-6. (C,)H,,O, requires C, 72-3; H, 
8:5%), Vmax, (liquid film) 1737, 1720, 1448, 1420, 1370, 1338, 1144, 1090, and 1050 cm.1. The 
bis-2,4,-dinitrophenylhydrazone crystallised from tetrahydrofuran-ethanol as an orange powder, 
m. p. 165° (Found: C, 50-8; H, 4:5. C,.H,.N,O, requires C, 50-2; H, 42%). The semi- 
carbazone was highly insoluble. 

4,5,6,7-cis-8,9-Hexahydro-18-hydroxy-8-methylindan-5-one (1V).—(a) 5,6,7,8-Tetrahydro-16- 
hydroxy-8-methylindane-5-one (IT) (2-35 g.) in ethanol (20 ml.) was shaken with 2% palladium- 
strontium carbonate (500 mg.) in hydrogen. Reduction (1 mol.) ceased after 15 min. Removal 
of catalyst and solvent left a waxy solid, m. p. 80—83°. Remarkable changes occurred on 
attempted crystallisation and chromatography; the substance had a tendency to form a solid 
foam, the material of which was quite hard but was not obviously crystalline. 

The 2,4-dinitrophenylhydrazone had sharp but variable m. p.s, e.g., 134°, 136—137°, and 
155—156° (Found: C, 55-5; H, 6-0; N, 15-8. C,,H.)N,O; requires C, 55-2; H, 5-8; N, 16-1%). 

(6) A solution of 5,6,7,8-tetrahydro-18-hydroxy-8-methylindane-5-one (II) (3-0 g.) in dry 
ether (50 ml.) was added during 10 min. to a stirred solution of lithium (300 mg.) in distilled 
liquid ammonia (150 ml.). The mixture was stirred for 10 min. more, then dry ammonium 
chloride was added to discharge the blue colour. Evaporation of the ammonia left a gum 
which was dissolved in ether; the ethereal solution was washed with water, then dried (MgSO,) 
and concentrated. The colourless solid (2-7 g.) which remained could not be crystallised. The 
2,4-dinitrophenylhydrazone after one recrystallisation had m. p. 155—156°; subsequently after 
six recrystallisations it had m. p. 134° and gave no depression with the 2,4-dinitrophenyl- 
hydrazone above. The intermediate m. p.s were sharp but variable. The infrared spectra of 
the two samples in chloroform solution were identical. 

The above ketol (550 mg.) in acetone (30 ml.) was treated dropwise with 8Nn-chromic acid, 
and the product worked up in the usual way. Crystallisation from 2: 1 ether—light petroleum 
deposited 4,5,6,7-cis-8,9-hexahydro-8-methylindane-1,5-dione (410 mg.), m. p. and mixed m. p. 
71—72°. 

4,5,6,7-cis-8,9- Hexahydro -8-methylindan -1 -one (VII).—4,5,6,7-cis-8,9-Hexahydro- 16- 
hydroxy-8-methylindane-5-one (IV), ethylene glycol (75 ml.), and 100% hydrazine hydrate 
(15 ml.) were heated at 90—100° for lhr. Potassium hydroxide (2-5 g.) was added, the temper- 
ature raised to 210°, and heating continued for 5 hr. with slow distillation. The cooled mixture 
and distillate were poured into water and extracted with ether. The ethereal solution was 
washed with water, then dried (MgSO,) and concentrated. The residue, which had a strong 
smell of camphor, was distilled to give 4,5,6,7-cis-8,9-hexahydro-8-methylindan-18-ol (VI) 
(2-2 g.), b. p. 120°/14 mm., which immediately solidified and had m. p. 51-5—54°. The infrared 
spectrum (solid film) had main bands at 3420, 1452, 1065, 1028, 1000, 950, 878, and 860 cm.1. 

The product was treated in acetone (30 ml.) dropwise with 8N-chromic acid in the usual way. 
4,5,6,7-cis-8,9-Hexahydro-8-methylindane-l-one (VII), b. p. 96—100°/12 mm., m,,!" 1-4780, was 
obtained. Johnson 5 gives b. p. 106°/20 mm,, m. p. 34-5—36°. 
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The 2,4-dinitrophenylhydrazone and the semicarbazone were identical with specimens 
kindly provided by Professor W. S. Johnson. 

18- Benzoyloxy - 4,5,6,7 - cis- 8,9 - hexahydro-8 -methylindan - 5 - one.—5,6,7,8 - Tetrahydro - 18- 
hydroxy-8-methylindane-5-one (II) (2-75 g.) was dissolved in pyridine (5 ml.) and treated with 
benzoyl chloride (5 ml.). The following morning the mixture was poured on ice and extracted 
with ether. The ethereal solution was washed with sodium hydrogen carbonate solution and 
water and dried (MgSO,). Removal of solvent and distillation of the residue gave the benzoate, 
b. p. 156°/0-05 mm., n,,”° 1-5610 (Found: C, 74-9; H, 6-9. C,,H,,O0, requires C, 75-5; H, 6-7%), 
Vmax, (liquid film) 1720, 1690, 1440, 1270, 1106, 1072, 1024, 1000, 950, 890, and 700 cm."}. 

The benzoate (1-65 g.) in ethanol (20 ml.) was hydrogenated over 2% palladium-strontium 
carbonate (200 mg.) at room temperature and pressure. After 90 min., when the theoretical 
uptake for 1 mol. had been reached, absorption ceased. The mixture was filtered, treated 
with a solution of potassium hydroxide (1 g.) in water (10 ml.), and refluxed for 1 hr. It was 
then cooled, poured into water, and extracted with ether. The ethereal solution was washed 
with dilute hydrochloric acid, sodium hydrogen carbonate solution, and water and dried 
(MgSO,). Distillation gave 4,5,6,7-cis-8,9-hexahydro-18-hydroxy-8-methylindan-5-one (IV), 
b. p. 110—113°/0-05 mm.; oxidation in the usual manner gave, after chromatography on neutral 
alumina (30 g., Grade II) and elution with 2: 1 ether-light petroleum, the corresponding dione, 
m. p. and mixed m. p. 71-5—72-5°. 

5,6,7,8-Tetrvahydro-8-methyl-18-trityloxyindan-5-on.—A solution of the ketol (II) (1-35 g.) 
in pyridine (25 ml.) was refluxed for 16 hr. with freshly recrystallised chlorotriphenylmethane 
(46 g.). The dark solution was concentrated under reduced pressure, and the residue adsorbed 
from benzene (15 ml.) on neutral alumina (40 g.). Elution with 4:1 light petroleum—ether 
removed triphenylmethanol. Further elution with ether afforded the trityl derivative (370 mg.), 
m. p. 220° (from acetone—water) (Found: C, 85-0; H, 7-3. C, 9H,.O, requires C, 85-3; H, 
69%). Hydrogenation of this trityl derivative under neutral conditions could not be achieved. 

Reduction of 5,6,7,8-Tetrahydro-8-methylindane-1,5-dione by Lithium Aluminium Hydride.— 
A solution of the dione (4-0 g.) in ether (75 ml.) was added during 30 min. to a gently refluxing 
solution of lithium aluminium hydride (1-9 g.) in ether (75 ml.) and refluxing continued for 1 hr. 
The excess of reagent was decomposed with ethyl acetate, dilute sulphuric acid and chloroform 
were added, and the organic layer was washed well with water and then dried (MgSO,). After 
removal of solvents at reduced pressure a gum (3-68 g.) remained. This diol mixture (3-25 g.) 
(no carbonyl! absorption in the infrared) was adsorbed from the minimum quantity of chloroform 
on to neutral alumina (80 g.; Grade IV) and diluted with chloroform-—dry ether (0—100% of 
ether), 40 ml. fractions being collected; numbers 1—7 gave oils (100 mg.); 8—21, gums 
(1-97 g.); 22—34, oils (390 mg.). Further elution with ether—-ethanol (40: 1) gave fractions 
35—41, gums (380 mg.). Fractions 8—21 were combined and rechromatographed on alumina 
(40g.; Grade IV). Elution with ether gave a a which, after trituration with light petroleum 
and crystallisation from ethyl acetate, afforded a 5,6,7,8-tetrahydro-8-methylindane-18,5€-diol (IX), 
m. p. 101—103° (Found: C, 71-9, 72-0; H, 9-4, 9-1. C,)H,,O, requires C, 71-4; H, 9-6%), Vmax. 
(Nujol mull) 3340, 1375, 1340, 1325, 1095, 1084, 1064, 1040, 1028, 1007, 980, 966, and 865 cm."}. 

Fractions 22—34 were uncrystallisable. 

Fractions 35—41 were combined and triturated with ethyl acetate; recrystallisation from 
the same solvent furnished the epimeric diol (IX), m. p. 142—143° (Found: C, 71-3; H, 9-6%), 
Ymax. (Nujol mull) 3340, 1380, 1338, 1090, 1080, 1040, 1024, 1007, 984, 948, 912, and 864 cm.*. 

The crude diol mixture (420 mg.) in purified chloroform (50 ml.) was stirred for 2 days with 
precipitated manganese dioxide. Working up in the usual way gave an oil which furnished a 
scarlet 2,4-dinitrophenylhydrazone (520 mg.) identical with that of 5,6,7,8-tetrahydro-16- 
hydroxy-8-methylindan-5-one (II). 

Catalytic Reduction of the Diols (IX).—(a) The diol of m. p. 101—103° (720 mg.) was 
hydrogenated over 2% palladium—calcium carbonate (500 mg.) in ethanol (50 ml.). After 2 hr. 
(1-58 mol. of hydrogen absorbed), catalyst and solvent were removed and the resultant oil was 
treated with hot light petroleum. The solid left (210 mg.) crystallised from ether and gave a 
4,5,6,7-cis-8,9-hexahydro-8-methylindane-18,5€-diol as colourless prisms, m. p. 133—134° (Found: 
C, 70-8; H, 10-4. C,)H,,O, requires C, 70-5; H, 10-7%), vax. (in Nujol) 3250, 1294, 1068, 1044, 
1016, 992, and 968 cm."1. 

Ev rovepyergh of the petroleum solution gave a camphoraceous oil which on distillation 
furnished 4,5,6,7-cis-8,9-hexahydro-8-methylindan-1$-ol (470 mg.), b. p. 120°/14 mm., »,” 
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1-5151, which solidified. Oxidation in the usual manner furnished the cis-ketone, characterised 
as its 2,4-dinitrophenylhydrazone and semicarbazone. 

The saturated diol, m. p. 133—134° (95 mg.), was treated in acetone dropwise with 8y- 
chromic acid, and the product worked up in the usual way. The cis-dione (VIII), m. p. and 
mixed m. p. 71°, was obtained. 

(6) The diol (IX), m. p. 142—143° (105 mg.), in ethanol (20 ml.) was hydrogenated over 2% 
palladised-strontium carbonate (20 mg.). Reduction was stopped after 35 min. at 1 molar 
uptake of hydrogen. Crystallisation of the product from ether afforded a 4,5,6,7-cis-8,9-hexa- 
hydvo-8-methylindane-18,5&-diol, m. p. 161° (Found: C, 69-7; H, 10-4. Cy oH gO, requires 
C, 70-5; H, 10-7%), Vmax, (Nujol mull) 3500, 1162, 1076, 1056, 1028, 1012, 960, and 944 cm."!. 

Oxidation of the product in the usual way gave the cis-dione, m. p. and mixed m. p. 71—72°, 

The ketol (770 mg.) in glacial acetic acid (50 ml.) was hydrogenated over pre-reduced Adams 
catalyst (50 mg.). After 15 min. 1 mol. had been absorbed and after 2 hr., when uptake had 
reached 2 mol., absorption ceased. On removal of catalyst and solvent and trituration of the 
residue with ether—light petroleum, a solid (510 mg.), m. p. 154—-157°, separated. Recrystallis- 
ation from ether afforded the 4,5,6,7-cis-8,9-hexahydro-8-methylindane-18,5€-diol, m. p. 161°, 
identical with the compound above. 

5-Ethoxy-2,6,7,8-tetrahydro-8-methylinden-l-one (X).—A solution of 5,6,7,8-tetrahydro-8- 
methylindane-1,5-dione (I) (5 g.) in dry benzene (50 ml.) was treated with triethyl orthoformate 
(4:7 g.) and 5% ethanolic hydrogen chloride (1 ml.) and refluxed for 3 hr. After being cooled, 
the mixture was diluted with ether and then washed with 5% sodium hydroxide solution 
(20 ml.). After removal of solvent, distillation afforded the enol ether (4-75 g.), b. p. 84— 
88°/0-02 mm., m. p. 51—53° (from light petroleum), Amax, (in cyclohexane) 247—248 mp 
(c 14,500). It decomposed on storage overnight. 

The enol ether (1-55 g.) in ethanol (20 ml.) was treated with hydrogen and 2% palladium- 
calcium carbonate (500 mg.); 1 mol. of hydrogen was absorbed in 2 hr. Solvent and catalyst 
were removed and the residue was dissolved in 95% ethanol (50 ml.) and treated with sulphuric 
acid (1 ml.). After being refluxed for 1 hr., the solution was cooled, poured into brine, and 
extracted with ether. The extract was washed with water and then dried (MgSO,) and con- 
centrated. The residual oil crystallised from 2:1 ether-light petroleum to give the cis-dione 
(VIII), m. p. and mixed m. p. 71—72°. 

Steroid Analogues lacking Ring 3B.—5,6,7,8-Tetrahydro-5-p-methoxyphenyl-8-methylindane- 
18,5€-diol (X1).—A solution of 5,6,7,8-tetrahydro-16-hydroxy-8-methylindan-5-one (II) (4-7 g.) 
in ether (150 ml.) was added to a solution of p-methoxyphenyl-lithium [from butyl bromide 
(17-1 g.)] in ether (200 ml.) at —30° under nitrogen. Sufficient tetrahydrofuran was added to 
dissolve the precipitate, and the clear solution was then stoppered and stored overnight at 10°. 
After addition of water the mixture was extracted with ether, dried (MgSO,), and concentrated 
(100°/0-07 mm.). The benzene-soluble part of the product on crystallisation gave the compound 
(X1) (3-8 g.), m. p. 142—144°, as plates (Found: C, 74:2; H, 7-7. C,,H,.O3 requires C, 74:4; 
H, 8:1%). The compound became pink when stored for several days, The benzene-insoluble 
portion of the residue when crystallised from cthanol gave colourless prisms (0-67 g.), m. p. 
159—160°, that were not further investigated. 

2,6,7,8-Tetrahydro-5-p-methoxyphenyl-8-methylinden-1B-ol (X11).—A portion of the freshly 
crystallised diol (1-9 g.) was refluxed in benzene (50 ml.) with a crystal of iodine under a Dean- 
Stark water separator. When water had ceased to separate, the cooled solution was washed, 
dried, and concentrated. Adsorption on neutral alumina (60 g.; Grade II) and elution with 
light petroleum—benzene (2:1) gave colourless crystals, m. p. 89—90°, of the diene. The 
substance rapidly darkened and for the next step was used directly. It had a broad absorption 
maximum at 290—294 my (e 25,000) with a slight inflexion at 237 my. The infrared spectrum 
(Nujol mull) had bands at 1600, 1512, 1460, 1372, 1282, 1258, 1232, 1174, 1152, 1120, 1110, 
1072, 1032, 970, 878, and 830 cm.*}. 

4,5,6,7-cis-8,9-Hexahydro-5-p-methoxyphenyl-8-methylindan-18-ol (XIII).—(a) The freshly 
crystallised diene (420 mg.) in ethanol (15 ml.) was hydrogenated over 2% palladium-strontium 
carbonate (20 mg.). After 20 min. 1 mol. had been absorbed, and after a further 45 min. uptake 
ceased at 1:85 mol. Removal of catalyst and solvent gave a gum which was adsorbed from ether 
(10 ml.) on alumina (20 g.; Grade II). Elution with ether gave a series of homogeneous 
fractions. Crystallisation from ether—light petroleum furnished the cis-hexahydroindanol 
(305 mg.), m. p. 95—97° (Found: C, 78-4; H, 9-3. C,,H,,O, requires C, 77-4; H, 9-3%). 
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(6) A solution of 4,5,6,7-cis-8,9-hexahydro-18-hydroxy-8-methylindan-5-one (IV) (2-3 g.) in 
ether (100 ml.) was added dropwise to a stirred solution of p-methoxyphenyl-lithium [from butyl 
promide (8-25 g.)] at —15°. Sufficient tetrahydrofuran was added to dissolve the precipitate, 
and stirring was continued for 30 min. The clear solution was warmed to 0° and after a further 
10 min. was poured on ice. Working up in the usual way and dehydration of the product as 
described above gave 6,7-cis-8,9-tetrahydro-5-p-methoxyphenyl-8-methylindan-18-ol (3-1 g.), m. p. 
§1—83° (from ether-—light petroleum) (Found: C, 78-3; H, 8-4. C,,H,,O, requires C, 79-0; H, 
86%). The compound (1 g.) inethanol (20 ml.) was hydrogenated over 2% palladium-strontium 
carbonate (200 mg.). Uptake ceased at 1 mol. after 22 min. Removal of catalyst and solvent, 
and crystallisation of the residue from ether—light petroleum, furnished the cis-hexahydrindanol, 
m. p. 95—97°, identical with the compound above. 
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880. T'hermochemical Studies. Part III.* Heats and Entropies of 
Reaction of Transition Metal Ions with Ethylenediamine.t 


By M. CrAmpotini, P. PAoLetti, and L. SACCONI. 


The heats of formation for the successive steps in complex-formation of 
Mn(t11), Fe(11), Co(11), Ni(11), and Zn(11) with ethylenediamine in M-potassium 
chloride have been measured. From these values and published values of 
the free-energy changes, the corresponding entropy changes have been 
calculated. In most of the systems studied the heats for the successive steps 
are fairly constant. Addition of successive ethylenediamine molecules is 
accompanied by a decrease in the entropy change. The chelate effect is 
discussed and the values of AH and AS for the complexes of ethylenediamine 
and ammonia are discussed. Plots of atomic number against the experi- 
mental values of AH and those corrected for the crystal field stabilisation 
energy are similar to that for the heats of hydration. For Ni(11) and Zn(11) 
in M-potassium nitrate the influence of the ionic medium becomes evident. 


WHILE there are many data for the formation constants for complexes, the published 
work on heat (AH) and entropy changes (AS) for such reactions is still scanty. Moreover, 
most of the heats of formation of complexes have been obtained from the temperature- 
dependence of the stability constants. It is known that the values of AH thus obtained 
are not very accurate and, when many steps are involved, even unreliable. Further, 
values of AH are needed for the development of crystal-field theory and to check its 
predictions. The only series of heats of formation used hitherto for this purpose is that 
of the hexa-aquo-complexes of bi- and ter-valent ions of metals of the first transition 
series.42 Ethylenediamine forms sexico-ordinate complexes with these metal ions which, 
because of their octahedral symmetry, have been the object of intense study in terms of 
crystal-field theory. In the absence of heats of formation for such complexes, however, 
the various authors have used the available free energies for their discussions on the rather 
optimistic assumption that AS remains constant within the series. 


* Part I and II, Sacconi, Paoletti, and Ciampolini, J. Amer. Chem. Soc., 1960, 82, 3828, 3831. 
+ Presented at the International Conference on Co-ordination Chemistry, London, April, 1959; 
Chem. Soc. Special Publ. No. 13, 1959. ° 


1 Orgel, Reports Tenth Solvay Conf., Brussels, 1956. 

2 Orgel, J., 1952, 4756; Griffith and Orgel, Quart. Rev., 1957, 11, 381; Holmes and McClure, /. 
Chem. Phys., 1957, 26, 1686; Basolo and Pearson, ‘‘ Mechanism of Inorganic Reactions,”” John Wiley 
& Sons, Inc., New York, 1958. 
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It appeared, therefore, desirable to investigate calorimetrically the equilibria in aqueous 
solution between ethylenediamine and the bivalent ions of metals of the first transition 
series from manganese to zinc. In order to obtain the heats and the entropies of formation 
for the three successive stages of complex formation, one must carry out the experiments 
in the ionic medium used for the measurement of the equilibrium constants. As the only 
complete set of equilibrium constants has been measured in M-potassium chloride, we 
chose that medium for the calorimetric measurements. 

The only published calorimetric values of the heats of formation for the above com- 
plexes are those of Poulsen and Bjerrum ‘ for nickel and copper in M-potassium nitrate, 
and of Davies et al.5 for nickel and zinc in 0-1M-potassium chloride. The latter authors 
point out that their values for the 1 : 1 complexes are so inaccurate as to be unreliable. 

There appears to be no datum for the heat of reaction of the metal ions which are 
oxidised in an alkaline medium: Yatsimirskii and Astasheva’s values for iron and cobalt 
refer to the gaseous state.® 


EXPERIMENTAL 


Materials.—Reagent-grade metal sulphates were used for preparation of approximately 
molar stock solutions. The ferrous sulphate solution was also made ca. 0-015M with respect 
to hydrochloric acid and reduced with hydrogen in presence of indigotetrasulphonate and a few 
drops of 2% colloidal palladium suspension. This solution was stored under hydrogen pressure. 

The metal contents of the various solutions were determined by conventional methods: 
manganese as pyrophosphate, cobalt and zinc as anthranilate, nickel as the dimethylglyoxime 
derivative, and iron by titration with permanganate. Hydrochloric acid in the iron solution 
was determined by potentiometric titration against sodium hydroxide under nitrogen. 

Ethylenediamine was distilled over sodium through a Todd fractionating column; the 
fraction used was titrated against hydrochloric acid and proved to be 99-7% pure. ~3m- 
Solutions of this base were made up with carbon dioxide-free M-potassium chloride or nitrate 
and standardised by potentiometric titration. 

The hydrogen or uitrogen used was purified by passage over copper gauze at 400°. 

Calorimetric Measurements.—The calorimeter was described in a previous paper?’ and is 
similar to that of Davies, Singer, and Staveley.' Its efficiency was checked during the measure- 
ments by determinations of the heat of solution of potassium chloride. In the experiments 
carried out with manganous, ferrous, and cobaltous ions, oxidation was prevented by bubbling 
a slow stream of nitrogen into the calorimetric liquid through two holes made at the bottom of 
the central glass tube. In this way no detectable oxidation took place. Controls showed that 
gas-bubbling does not affect the result of the measurements. 

In each experiment two determinations of the electrical-energy equivalent were made and 
the reproducibility of this quantity was usually better than +0-2%. The calorimeter was 
placed in a thermostat-bath at 25-000° + 0-005°. At the end of the reaction the temperature 
was in the range 24-8—24-9° and no attempt was made to correct the heat change values to 25°. 

For each run the bottle was filled with a weighed amount (ca. 25 ml.) of the stock metal-salt 
solution. For manganese and cobalt, presaturated nitrogen was bubbled, for 20 min., through 
the solution placed in the bottle: the bottle was then stoppered in a nitrogen atmosphere and 
weighed. In the case of the iron solution, the bottle was filled in a hydrogen atmosphere. A 
weighed amount of the ethylenediamine stock solution and, in the case of buffered systems, 
M-hydrochloric or nitric acid, were placed in the Dewar flask. Carbon dioxide-free M-potassium 
chloride or nitrate was then added, to give a resulting weight of ca. 930 g. The final volumes 
reported in Tables 1 and 2 were evaluated from the known weights of the reactants and the 
final density of the calorimetric liquid. The heats of dilution were measured by diluting 
a weighed sample (ca. 25 ml.) of the test solution of metal salt in about 930 g. of M-potassium 


§ Bjerrum, Schwarzenbach, and Sillén, ‘‘ Stability Constants,’’ Part I, Chem. Soc. Special Publ. 
No. 6, 1957. 

* Poulsen and Bjerrum, Acta Chem. Scand., 1955, 9, 1406. 

* Davies, Singer, and Staveley, J., 1954, 2304. 

®* Yatsimirskii and Astasheva, Zhur. obshchei Khim., 1950, 20, 2139. 

* Sacconi, Paoletti, and Ciampolini, Ricerca Sci., 1959, 29, 2412. 
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chloride or nitrate. The heat of dilution of the ethylenediamine solution by the water 
contained in the metal-salt solution was found to be negligible in every case. 

Procedure and Calculations.—In order to determine the total and stepwise heats of formation 
for individual complexes, it is necessary to know the actual ionic composition of the solution in 
each experiment. In fact the species M**, M en**, Men,**, Men,?*, en H*, en H,?*, en, H*, and 
OH~ are usually present to a greater or smaller extent (en = ir ee i i The ionic 
composition can be calculated from a knowledge of the stability constants of the three complex 
ions, as well as of the two basicity constants of ethylenediamine.? 

The stability constants used in the calculations were corrected, where necessary, to 25°, by 
using approximate AH values. 

The experimental results for ethylenediamine—metal ion systems are recorded in Tables 1 
and 2. The fourth column gives the amount of hydrochloric or nitric acid added to the amine 


TABLE 1. Systems MSO, + en in M-potassium chloride. 


Metal en HCl Q Qeorr. — AH, 
Metal (10-° mole) (10-5 mole) (10-5 mole) (cal. mole!) (cal. mole!) n (kcal. mole“) 

Mn** 2463 106,900 5830 274-9 0-1 2-89 3-60 
(V 924 ml.) 2756 109,300 5850 288-8 0-2 2-89 3-63 
2597 30,240 13,610 211-3 8-6 2-43 3-45 
2597 29,540 13,590 212-1 9-4 2-42 3-39 
2516 21,520 13,570 161-4 3-9 2-03 3-23 
2591 21,410 13,720 158-9 4-7 2-02 3-13 
2595 15,650 11,400 115-0 9-8 1-57 3-06 
2672 15,680 11,410 115-4 10-7 1-56 3-03 
2589 12,250 8730 96-2 9-5 1:39 2-94 
2551 12,160 8740 96-4 9-2 1-37 3-01 
2596 12,050 8740 94-2 10-3 1-35 2-99 
2578 12,040 8750 94-1 11-6 1-34 3-02 
Fe?+ 2318 * 35,050 363-7 —1-] 2-97 5-26 
(V 909 ml. 2417 * 35,050 383-1 -1-2 2-97 32 
2309 * 9976 5796 237-0 12-5 2-07 5-22 
2286 * 9880 5732 234-4 12-3 2-07 5-21 
2384 * 7194 10,724 104-2 45-2 1-22 5-13 
2350 * 7243 10,583 103-5 44-5 1-23 5:14 
Co** 2582 17,810 569-5 —1-8 2-99 7:35 
(V 933 ml.) 2574 17,870 570-1 —1-8 2:99 7-38 
2578 17,700 572-9 —1-8 2-99 7-41 
2570 5450 310 362-2 0-2 2-00 7-05 
2588 5483 313 362-8 0-2 2-00 7-02 
2519 5338 304 353-0 0-2 2-00 7-02 
2561 3079 822 172-0 4°5 0-99 6-94 
2517 3026 806 166-9 4-5 0-99 6°85 
2575 7224 8278 138-6 40-5 1-01 6-87 
Ni** 2707 8559 770-4 —4-0 2-99 9-47 
(V 933 ml.) 2782 10,520 791-9 —3-3 3-00 9-46 
2555 5111 473-3 — 3-8 2-00 9-19 
2563 5128 470-8 —3-8 2-00 9-11 
2567 3770 2390 208-8 18-3 0-99 8-94 
2562 3764 2384 209-3 18-3 0-99 8-97 
2646 2579 1299 . 208-4 20-0 0-96 8-98 
Zn** 2193 3669 448-5 —0-8 2-95 6-92 
(V 933 ml.) 2196 3706 447-4 —O0-8 2-95 6-89 
2194 3694 448-6 —0-8 2-95 6°85 
2191 5776 1325 304-2 0-6 2-02 6-89 
2189 5804 1326 304-8 0-6 2-02 6-87 
2192 5774 1325 302-7 0-6 2-02 6°85 
2187 5557 5126 139-3 32-0 1-16 6-76 
2194 5580 5150 140-0 32-2 1-16 6-76 
2190 5566 5036 143-2 31-4 1-18 6-76 


* These solutions contain 1-424 x 10-* mole of hydrochloric acid per mole of metal ion, 


solution to avoid precipitation of the hydroxides in the experiments carried out at low 7% values 
(% = average number of ligands attached to the metal) and in all experiments with manganese. 
The values of the heat (Q) evolved in each experiment, corrected for the heat of dilution of the 
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metal salt, given in column 5, are corrected additionally in column 6 for the heat effects due to 
the reactions: 
en Ht + OH~ ——@ en + H,O AH = —1500 cal. mole 

(in unbuffered systems) 


2en H+ —— en + enH,?+ AH = 1590 cal. mole 
(in buffered systems) 


which take place on complex-formation. These values were obtained from our heats of 
neutralisation of ethylenediamine in M-potassium chloride which are to be reported elsewhere. 
The last column gives the values of AH,, i.e., the average heat of reaction per mole of ethylenedi- 
amine bound to the metal ion. The values of AH, for ” values close to each other give an 
indication of the reproducibility of the measurements. 

The heat of stepwise complex-formation for the separate complexes was obtained by combin- 
ing the results of three runs carried out at different 7 and solving the set of three simultaneous 
equations: 

Qm = «AH, + «AH, + «AH, 


where Q,, is the heat evolved per g.-ion of metal added and «,, a, and a, are the degrees of 
formation of the three complexes in the reaction mixture. The relative accuracies of the three 
heat changes AH,, AH,_,, and AH,_, are not the same. In fact, for each metal ion, measure- 
ments were carried out with a large excess of ethylenediamine. Under these conditions 
practically only 3: 1 complexes are present with all metal ions except manganese. In the last 
case the amount of 3: 1 complex present is only about 89%, even in m-solutions of ethylenedi- 
amine. Therefore, the accuracy of the AH,_, values for the complexes of iron, cobalt, nickel, 
and zinc is of the same order of magnitude as the reproducibility of the calorimetric measure- 
ments, while the values of AH, and AH,_, (and the AH,_, for the manganese complex) are less 


TABLE 2. Systems MSO, + en in M-potassium nitrate. 


Metal en HNO, ee Qae —AH, 
Metal (10-° mole) (10°> mole) (10°> mole) (cal. mole) (cal. mole™) n (kcal. mole“) 
Ni?* 2609 9285 714-6 — 3-3 3-00 9-10 
(V 916 ml.) 2505 8647 688-2 —3-1 3-00 9-12 
2248 * 8610 622-7 —2:8 3-00 9-20 
2250 * 8695 624-2 —3-2 3-00 9-21 
2499 5030 455-8 —3-8 2-01 8-99 
2500 5007 453-0 —3-8 2-00 8-97 
2502 3726 2414 206-9 18-6 0-99 9-09 
2503 3720 2408 206-6 18-6 0-99 9-08 
Zn*+ 2395 20,080 396-9 —1-5 2-91 5-67 
(V 903 ml.) 2378 20,050 397-0 —155 2-91 5-72 
2502 17,500 415-5 —1-6 2-89 5-73 
2495 17,490 412-0 —16 2-89 5-70 
2525 7246 352-8 —2-6 2-44 5-69 
2374 6839 334-8 —2-8 2-43 5-74 
2378 6199 1431 286-9 1-2 2-02 6-00 
2377 6197 1450 284-3 1-3 2-02 5-96 
2569 6518 1451 302-2 1-7 2-00 5-91 
2508 7281 3009 222-9 9-9 1-95 6-00 
2558 8629 7394 203-4 50-3 1-56 6-34 
2377 8013 7372 188-5 46-3 1-55 6-37 
2397 10,760 14,860 133-7 43-0 1-14 6-50 
2379 10,560 14,750 128-9 41-8 1-11 6-44 
2452 10,770 14,990 134-4 43-6 1-12 6-49 
2459 10,730 14,970 132-1 43-3 1-11 6-45 
* These measurements were carried out with nickel nitrate. From these data AH,_, = —27-6l 


kcal. mole“! is obtained. 


accurate because of their critical dependence on the values of the stability constants chosen. 
Further, they depend mainly on the experiments carried out at lower values of 7% in which the 
thermal effects measured are due to a large extent to the heat of buffering. The estimated 
errors are: -+200 cal. mole for AH, and AH, ,, and +150 cal. mole for AH,_;. 

Spectrophotometric Measurements.—The spectrum of the [Fe en,]** ion was measured with a 
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TABLE 3. Spectrophotometric data of absorption of [Fe eng]|** ion. 


kt WOME conc .dac ents shtee 11,420 19,490 21,830 24,450 
Prenat 20, BIE Ok 2ey, 2-26 0-17 0-15 0-17 


Beckmann DU spectrophotometer fitted with 1 cm. stoppered silica cells. The spectral data 
are given in Table 3. For the standardisation of the wavelength scale, a mercury lamp was 
used. 

A solution of ferrous sulphate in 0-1N-hydrochloric acid was reduced with hydrogen in the 
presence of one drop of colloidal platinum suspension which flocculated immediately. Ethylene- 
diamine was then added in a nitrogen atmosphere until the solution was about 3m in ethylenedi- 
amine, 0-8m in [Fe en,]** and 0-05m in en H*, thus containing virtually pure hexa-ammine 
complex. 

The cell was filled with this solution under nitrogen; in this way no detectable oxidation 
was observed. The solution used as a control contained the same concentration of base and 
its hydrochloride as the test solution. 


RESULTS 

Table 4 reports the values for the thermodynamic functions AH, AG, and AS relative to the 
three successive reaction steps. Our values of heats of reaction often differ by a few kcal. mole™ 
from the non-calorimetric values reported in the literature.® 

Comparison of our heats of formation for the complexes of nickel and zinc with accurate 
calorimetric values of Davies ef al.,5 and Poulsen and Bjerrum,‘ shows the dependence of these 
values on the ionic medium employed; Yatsimirskii and Milyukov *® found that AH of formation 
for complex ammines of zinc and cadmium becomes more negative with increase in the ionic 
strength of the medium. This difference is particularly evident with the ethylenediamine 
complexes of zinc. In fact, the values of —AH,., and —AH,, given by Davies for 0-1m- 
potassium chloride are lower than ours for M-potassium chloride by 2-30 and 2-24 kcal. mole™! 
respectively. This difference can be attributed, at least in part, to the endothermic formation 
of chloro-complexes, as shown by the fact that the heat of dilution of the stock solution of 
zinc sulphate in M-potassium chloride is positive and relatively large, while it is negative in 
M-potassium nitrate. The heats of dilution of all the other stock solutions in M-potassium 


TABLE 4. Thermodynamic functions and spectral data for metal(i1)—ethylenediamine 
systems in M-potassium chloride at 25°. 


Mn?* Fe* Co*# Ni?! Zn** 
—AH, (kcal. mole”) ............... 2-80 5-05 6-90 8-90 6-65 
—AH,., = pga ote te i 6-00 10-40 13-95 18-25 13-75 
—AH,, io meeeeaenerabete 11-05 15-85 22-15 28-35 20-70 
—AG, (kcal. mole“) ............... 3-75 « ¢ 5-904 4 8-10% 10-50 ° 7-904 
—AG,_, ww, UNensipeitens 6-65 © 4 10-45% 4 14-55 ° 19-20 ° 14-40°¢ 
—AG,_, sex jal beacon 7-90 «4 13-25 © ¢ 18-65 ° 25-10° 16-80 «4 
AS, (cal. deg.-* mole) ............ +3-0 +3-0 + 4-0 + 5:5 + 4-0 
43,. ‘. a Rak waseeee +2-0 0-0 +2-0 +3-0 + 2-0 
AS}.3 nd bat 0  Wedddedatans —10-5 —8-5 — 12-0 —11-0 — 13-0 
Dq[M(H,O),]** (cm.-!) ............ ~- 1040 ¢ 9004 850 ° — 
Lf a aaa — 1140 1100/ 1160 ° ~- 
—AH,_4 crys. (kcal. mole“) ...... 0 1-15 4-55 10-60 0 
— AH4-¢ corr. (kcal. mole!) ...... 11-05 14-70 17-60 17-75 20-70 


« Bjerrum, ‘“‘ Metal Ammine Formation,”’ P. Haase & Son, Copenhagen, 1941. ° Edwards, Diss., 
Univ. Michigan, 1950. ¢ Carlson, McReynolds, and Verhoek, J. Amer. Chem. Soc., 1945, 67, 1334. 
“Corr. at 25°. ¢ Jérgensen, Reports Tenth Solvay Conf., Brussels, 1956. ‘ Ballhausen and 
Jérgensen, Acta Chem. Scand., 1955, 9, 397. 


chloride are negative. The stepwise formation constants for zinc complexes reported in 
the literature differ from each other,? but they all indicate an appreciable degree of formation 
of chloro-complexes in M-potassium chloride. 

On the other hand, even the heats of formation, —AH,., and — AH, ,, for nickel, where the 


8 Calvin and Bailes, J]. Amer. Chem. Soc., 1946, 68, 949; Spike and Parry, ibid., 1953, 75, 2726, 
3770; Cotton and Harris, J. Phys. Chem., 1955, 59, 1203; McIntyre, jun., Block, and Fernelius, J. Amer. 
Chem. Soc., 1959, 81, 529. 

® Yatsimirskii and Milyukov, Zhur. neorg. Khim., 1957, 2, 1046. 
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formation of chloro-complexes in M-potassium chloride is excluded, are higher than the corre- 
sponding values in 0-1m-potassium chloride by 1 and 0-34 kcal. mole respectively. In order 
to study the influence of the “‘ inert salt ’’ we have measured the heats of formation for com- 
plexes of ethylenediamine with nickel and zinc in M-potassium nitrate. This study could not 
be extended to other ions because of the lack of formation constants in this ionic medium. 

The values of the thermodynamic functions AH, AG, and AS, determined in M-potassium 
nitrate are given in Table 5. The values of —AH,., and —AH,_, are lower than the corre- 


TABLE 5. Thermodynamic functions for some metal(1)-ethylenediamine systems in 
M-potlasstum nitrate at 25°. 


Ni** Zn** Ni?! Zn?* 
— AH, (kcal. mole) ...... 9-05 7-00 AS, (cal. deg.-! mole“)... 4-0 3-5 
—AH,., = ig 2A 17-90 11-90 AS,.. at pe 2. 3-5 10-5 
—AH,.; by ee 27-40 17-10 AS;-; i 5 w. «== 85 2-0 
— AG, (kcal. mole“) ...... 10-254 8-05 ° * Ref.4. & Bjerrum and Andersen, Kgl. Danske 
= AiGec Real tO 18-90 « 15-10%  Videnskab. Selskab, Math.-fys. Medd., 1945, 22, 
—AG;; i 24-90 « 17-65% No. 7. 


sponding values in M-potassium chloride for both metal ions. For nickel the only data com- 
parable with ours are those of Poulsen and Bjerrum.‘ These authors find a small dependence 
of the heat of formation on the ionic strength of the medium: they give AH,_, for nickel in 
1-2m-potassium nitrate (—27-96 kcal. mole) and in water (—27-24 kcal. mole™). After 
correction for the heat of dissociation of the base and linear interpolation, one obtains 
AH,_, —27-69 kcal. mole™ in M-potassium nitrate. This value, however, is higher than ours 
by 0-29 kcal. mole™ (~1%). 

Our measurements with nickel nitrate, made by Poulsen and Bjerrum’s method, in m- 
potassium nitrate gave a value of —AH,_, of 27-61 kcal. mole™, as given in Table 2. 

Thus, changing the anion of the metal salt causes a fairly oman change in the heat of form- 
ation of the ethylenediamine complexes. 

It is known that in solution metal sulphates are more associated than nitrates,’ and it is 
likely that this association may change slightly on going from the hexa-aquo-cation to the 
trisethylenediamine cation. 


DIsCcUSSION 
In Fig. 1 the experimental AH,_, values in M-potassium chloride (upper line), as well as 
the values corrected for crystal field stabilisation energy (lower line), are plotted against 
the atomic number of the metal. The AH, g <,y.¢. corrections were calculated according to 
the formula: 


AH, 3cryst = (4n, — 6n,)(D¢6x,0 — D43en) Oe ee ee a ee (1) 
For iron, ane and nickel the term Dggx,0 — Dsen is not constant but increases in 
the ratio 1: 2:3. The corrected values increase regularly from manganese to zinc, but all 


the values ie above the line joining manganese to zinc. A similar trend is observed in the 
corrected heats of hydration for these metal cations: |}?! the points are slightly above the 
line joining manganese to zinc. Yatsimirskii' puts forward the hypothesis that in the 
case of the hexa-aquo-cations the difference observed can be attributed to a Jahn-Teller 
effect. This, however, cannot be true in the case of nickel. On the other hand, if metal- 
ligand bonds have a partially covalent character, the value of the crystal field stabilisation 
energy calculated on the basis of eqn. 1 cannot be completely correct.!” 

Further, crystal field theory does not require that the corrected values must lie on a 
straight line, but only that they should increase steadily. Orgel! suggested that in order 
to obtain heats of formation corrected for crystal field stabilisation energy “.. . . the 
most suitable procedure would be to draw a curve through the values for Mn?* and Zn** 


10 Nair and Nancollas, J., 1959, 3934. 
11 Yatsimirskii, Zhur. neorg. Khim., 1958, 3, 2244. 
12 Jérgensen, Discuss. Faraday Soc., 1958, 26, 185. + 
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as nearly parallel to the curve for hydration energy as possible,’’ but in order to avoid 
ambiguity he preferred to use linear interpolation between Mn?* and Zn?". 
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Our curve for the corrected AH values, however, is not exactly parallel to that for the 
corrected heats of hydration, as shown by Fig. 2 where the values of AM pyar. corr. are 
plotted against our values AH, 3 .or.; this does not give a straight line. The values for 
manganese, nickel, and zinc are on a straight line, but those for iron and cobalt are slightly 
above it. If there were appreciable Jahn-Teller stabilisation in the aquo-complexes of iron 
and cobalt, as postulated by Yatsimirskii,“ the deviation from straight-line relationship 
for iron and cobalt could be attributed to the effect of an even greater stabilisation in the 
ethylenediamine complexes. 

Fig. 3 gives the curves for the heats of formation, both experimental and corrected, for 
the mixed complexes [M(H,O), en,]?* and [M(H,O),en]?*. The crystal field stabilisation 
energies were taken as two-thirds and one-third of AH_ crys. respectively, in accordance 
with the rule of average environment. Again for these complexes the corrected values 
are above the manganese~zinc straight line. 

Tables 4 and 5 show the values.of AH,, AH, 4, and AH,., to be roughly in the ratio 
1:2:3; that is, the heat changes for the successive steps are fairly constant. This has 
been observed also in successive reaction steps for the formation of ammines of nickel, 


13 Gill and Nyholm, /., 1959, 3997. 
M4 Tsuchida, Bull. Chem. Soc. Japan, 1938, 18, 388, 436; Tsuchida and Kobayashi, ibid., p. 471. 
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copper,” and cadmium,® and is in agreement with Poulsen and Bjerrum’s statement that 
such a ratio is to be expected for all complexes with dipolar molecules which are free from 
steric strain and undergo no change of configuration or spin multiplicity on stepwise 
complex-formation. In most of the systems examined by us, however, a slight increase 
in the heat for each successive step is apparent. This is particularly evident with 
manganese, where the third ethylenediamine molecule becomes bound to the metal with 
evolution of heat which is greater than that for the first two. On the other hand, in 
the system ethylenediamine-zinc in M-potassium nitrate the value of —AH, is much 
larger than that of either —AH, or —AH,. Thus manganous and zinc ions behave 
differently, even though in both cases the crystal field stabilisation energy is zero. The 
anomaly of zinc might be related to the tendency of this ion to give complexes with 
structures which differ according to the number and type of co-ordinated ligands. The 
[Zn en,}** ion might have a tetrahedral structure,>* ! and thus its formation from the octa- 
hedral ion (Zn(H,O), en}?* would cause liberation from the first co-ordination sphere of two 
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more water molecules than does formation of the octahedral ion [Zn(H,O),en,|**. Even 
if, in a tetrahedral complex ion, the water molecules in the second hydration sphere can get 
closer to the metal, the total effect should still be endothermic. Thus the heat of binding 
of the second molecule of ethylenediamine would be lower. The low value of —AH, 
indicates that the weak tendency of zinc to form a trisethylenediamine complex, already 
apparent from the relative value of AG, is a heat effect. 

The course of the reaction of complex formation between zinc and ethylenediamine in 
M-potassium chloride appears to differ from that in M-potassium nitrate. 

The regular variations of both heats and entropies of reaction observed in the first 
medium appear to indicate absence of structural change during formation of the 
bisethylenediamine complex. An octahedral structure for such a complex could possibly 
be stabilised by the presence of co-ordinated chloride ions. 

Comparison of the successive heats of formation for the ethylenediamine complexes of 
nickel (present work) and copper in M-potassium nitrate * with those for complex ammines 
in 2M-ammonium nitrate !* shows that the chelate effect in these systems is, in part, a 
heat effect, the heat change being lower in the ammonia systems. This is particularly 
evident in the case of nickel where the differences AH yj en, — AH yicnny,, are —1-05, —1-90, 
and —2-90 kcal. mole for x 1, 2, and 3 respectively. These values are of the same 
order of magnitude as the differences in crystal field stabilisation energy in the two types 

15 Rossotti, in Lewis and Wilkins, ‘‘ Modern Co-ordination Chemistry,” Interscience Publ., New 


York, N.Y., 1960, p. 25. 
16 Yatsimirskii and Milyukov, Zhur. fiz. Khim., 1957, 31, 842. 
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of complexes (—0-90, —1-85, and —2-75 kcal. mole? respectively). For copper the 
differences in heats of formation for x = 1 and 2 are —1-90 and —3-40 kcal. mole 
respectively, but in this case these values cannot be compared with the crystal field 
stabilisation energies, because the latter cannot be evaluated owing to the strong Jahn-— 
Teller effect which is operating. 

If the differences in the heats of formation between the complexes of ammonia and 
those of ethylenediamine were due only to the crystal field stabilisation energy one would 
expect that for zinc these differences should be zero. The differences ® are, however, —1-3 
and +2-9 kcal. mole+ for x = 1 and 2 respectively. The first difference could be 
attributed to a geometrical factor: in the complex [Zn(NH,).(H,O),]?* the two ammonia 
molecules are probably ¢rans to each other; *?? thus, their replacement by one molecule of 
ethylenediamine would require rearrangement of the complex which, in this case, would 
beexothermic. On the other hand, the second difference could be steric. Molecular models 
of Stuart type for tetrahedral [Zn en,]** show the ethylenediamine molecule to be some- 
what distorted; this would decrease the heat of formation with respect to that of the corre- 
sponding complex ammine, thus accounting for the sign of the difference in heat observed 
when x = 2. 

The values of the entropy changes, AS, (Table 4), are all positive and vary from 3-0 to 
5-5 cal. deg. mole™, indicating that the decrease in degrees of freedom of the ethylenedi- 
amine molecule on complex formation is more than compensated by the number of free 
particles generated during the reaction [M(H,O)g]aq.?* + eMaq. —® [M(H,O),en]aq?2* + xH,O. 

The AS,., values are all positive and vary from zero to 3-0 cal. deg! mole*. The 
values of AS, , are, however, all negative (—8-5 to —13-0). 

The gradual decrease in entropy change for each successive step appears to be typical 
for all metal—ligand systems.*5%-16.18 This behaviour is attributed to statistical effects, 
but the differences observed by us, as well as those observed by Poulsen and Bjerrum, are 
higher than those calculated on a statistical basis. 

The anomalous values of AS,_, and AS,_, for zinc in M-potassium nitrate (Table 5) can 
be explained on the same lines as for the relative -AH,and —AHy. The larger number of 
water molecules released in the formation of the tetrahedral [Zn en,]** starting from the 
octahedral [Zn(H,O),|** produces an increase of translational entropy which raises the 
value of AS,.,. The positive value of AS, can be accounted for in terms of the weak 
tendency of Zn** to bind three molecules of ethylenediamine, as mentioned above. 
Comparison of the zinc and the cobaltous ion is particularly revealing. They have very 
similar ionic radii and the same heats of hydration. Even their heats of formation for 
the 1 : 1 complex are the same, while the heat of formation of the 1 : 3 complex of the zinc 
is markedly lower than that of the corresponding cobalt complex. This leads one to 
conclude that the six water molecules are bound to both cations with equal strength, while 
the three ethylenediamine molecules are bound less strongly to the zinc than to the cobalt 
ion, the ratios AH,_, : AH, being 2-4 and 3-2 respectively. As a consequence the [Zn en,]** 
ion should have a less rigid structure and thus a greater partial entropy which makes itself 
felt on the value of AS, 5. 


Thanks are expressed to Mr. R, Usenza for the help in the construction of the calorimeter, 
to Dr. F. Salvaggio for assisting with some of the measurements, and to the Italian ‘‘ Consiglio 
Nazionale delle Ricerche ’’ for financial assistance. 


INSTITUTE OF GENERAL CHEMISTRY, THE UNIVERSITY OF PALERMO, 
PALERMO, ITALY. (Received, April 13th, 1960.) 


17 Schwarzenbach, Helv. Chim. Acta, 1952, 35, 2344, 
18 Latimer and Jolly, J. Amer. Chem. Soc., 1953, 75, 1548. 
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881. The Action of Bases on Decamethylene Di-iodide. 
By E. P. TAyLor. 


When decamethylene di-iodide is heated with potassium carbonate, 
potassium hydroxide, and 95% ethanol, a mixture of 10-ethoxydec-l-ene, 
1,10-diethoxydecane, 10-ethoxydecan-l-ol, and decane-1,10-diol is obtained. 
With ethanolic sodium ethoxide, decamethylene di-iodide gives only 
10-ethoxydec-l-ene and 1,10-diethoxydecane. Some reactions of 10-ethoxy- 
dec-l-ene are described. 


DuRING unsuccessful attempts to prepare certain decamethylenebisquaternary derivatives 
of melamine, it was observed that when a mixture of decamethylene di-iodide, potassium 
carbonate and potassium hydroxide in 95° ethanol was heated under reflux for several 
days, a mixture of decane-1,10-diol, 10-ethoxydecan-l-ol, 1,10-diethoxydecane, and 
10-ethoxydec-l-ene EtO-[CH,],°CH°CH, (I) was obtained. Oxidation of the latter with 
diluted nitric acid yielded, not the expected azelaic acid, but suberic acid, although in 
poor yield. It was at first thought that azelaic acid might have been formed initially and 
have decomposed on further heating with nitric acid, since it has been reported! that 
higher dicarboxylic acids having an odd number of carbon atoms tend to break down into 
shorter dicarboxylic acids. However, when authentic azelaic acid was treated with 
diluted nitric acid under similar conditions, the major product was unchanged material 
(approximately 55%), together with some succinic acid and a small quantity of glutaric 
acid. It is possible that the mother-liquor contained a trace of suberic acid, but the 
amount was negligible. Since 1,10-diethoxydecane also’ gave suberic acid, not sebacic 
acid, on oxidation with diluted nitric acid, it seems that oxidation of this and of the 
unsaturated monoether must proceed via prior elimination of ethanol to yield terminal 
alkenes, rather than by cleavage of the ether links to primary alcohols. 

When decamethylene di-iodide was heated under reflux with ethanolic sodium ethoxide 
the only products were 1,10-diethoxydecane and the unsaturated ether (I). 


EXPERIMENTAL 
All m. p.s are uncorrected. 


Action of Potassium Carbonate—Potassium Hydroxide on Decamethylene Di-iodide.—A mixture 
of the di-iodide (236-4 g., 0-6 mole), anhydrous potassium carbonate (41-4 g., 0-3 mole), 
potassium hydroxide (98%, 34-3 g., 0-6 mole), and ethanol (95%, 2700 ml.) was heated under 
reflux for 300 hr. The solvent was then distilled off, sufficient water added to dissolve inorganic 
salts, and the mixture extracted with ether (2 x 500 mi.). The combined ether extracts were 
washed three times with saturated sodium thiosulphate solution dried (CaSO,), and the 
solvent removed. The residue was then distilled im vacuo, the following fractions being 
collected: (i) <55°/0-25 mm., 12-6 g.; (ii) 56—78°/0-3 mm., 2-03 g.; (iii) 783 —98°/0-3 mm., 65-2 g.; 
(iv) 100—120°/0-3 mm., 27-5 g. The residue was treated with excess of light petroleum (pb. p. 
40—60°), and crude decane-1,10-diol separated; this, after being filtered off, washed with 
light petroleum (b. p. 40—60°), and dried, had m. p. 68° (mixed m. p. with authentic material 
71—72°) (1-91 g.). 

Fraction (i), after two redistillations, gave 10-ethoxydec-1-ene (I) (10-6 g.), b. p. 42—44°/0-2 
mm., 7,” 1-4310 (Found: C, 78-1; H, 13-0; O, 8-8; OEt, 242%; M, 170. C,,H,,O requires 
C, 78-3; H, 13-15; O, 8-7; OEt, 24-5%; M, 184). 

Fraction (ii) was still unsaturated, and was rejected. Fraction (iii), on redistillation, gave 
material (12-51 g.), b. p. 72—80°/0-15—0-2 mm., which was rejected, and material (50-53 g.), 
b. p. 80—84°/0-2 mm. This fraction was heated over metallic sodium (ca. 2—3 g. in slices) in 
an oil-bath at 170° for 2 hr.; hydrogen was evolved, and a small quantity of white precipitate 
separated. After cooling, anhydrous ether was ‘added, the mixture filtered, and the solvent 
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removed. The residue on distillation in vacuo gave 1,10-diethoxydecane (45-2 g.), b. p. 76— 
77°/0-15 mm., ”,** 1-4294, identical with a sample prepared by Egorova’s method * (who gives 
b. p. 257—260°) (Found: C, 72-75; H, 13-2; O, 14-2; OEt, 39-1%; M, 206. Calc. for 
CygHgoO2: C, 73-0; H, 13-15; O, 13-9; OEt, 39-1%; M, 230). 

Fraction (iv) was redistilled, the fraction of b. p. 93—100°/0-15 mm. (19-7 g.) being collected. 
This, on treatment with a solution of phenyl isocyanate (11-7 g.) in light petroleum (b. p. 
40—60°; 30 ml.), gave an almost pure phenylcarbamate (18-0 g.),m. p. 56°. Ananalytical sample 
crystallised from aqueous ethanol as glistening plates, m. p. 57-5° (Found: C, 71-1; H, 9-7; 
N, 4:4. CygH ;,NO, requires C, 71-0; H, 9-7; N, 4.4%). A mixture of the phenylcarbamate, 
ethanol (90 ml.), water (15 ml.), and 5Nn-sodium hydroxide (30 ml.) was heated under reflux 
for 48 hr. Crystals which had separated were rejected, as much solvent as possible was distilled 
off on the water-bath, and the residue was diluted with water (45 ml.). The oil which separated 
was extracted with ether, the combined ether extracts were washed (thrice with N-H,SO,, 
twice with water) and dried (CaSO,); the solvent was then removed and the residue distilled 
in vacuo. The fraction of b. p. 89—91°/0-17 mm. (8-7 g.) on redistillation yielded 10-ethoxy- 
decan-1-ol, b. p. 91—92°/0-2 mm., n,*1 1-4419 (Found: C, 70-95; H, 12-75; O, 16-0; OEt, 
22-75%; M,197. C,,H,,O0, requires C, 71-3; H, 13-0; O, 15-8; OEt, 22-3%; M, 202) [3,5-di- 
nitrobenzoate, cream-coloured needles, m. p. 46°, from aqueous ethanol (Found: C, 57-45; 
H, 6-9; N, 7-0. C,,H,,N,O, requires C, 57-6; H, 7-1; N, 7-1%)]. 

Reactions of 10-Ethoxydec-1-ene.—(a) With bromine in carbon tetrachloride at 0°, 1,2-dibromo- 
10-ethoxydecane was obtained, b. p. 115°/0-15 mm., m,*" 1-4880 (Found: C, 42-2; H, 7-15; 
O, 5:0; Br, 46-5; OEt, 13-4. C,,H,,Br,O requires C, 41-9; H, 7:0; O, 4:65; Br, 46-5; 
OEt, 13-1%). 

(b) Epoxidation with peractic acid. Epoxidation by the general method of Findley, Swern, 
and Scanlan * gave 1,2-epoxy-10-ethoxydecane, b. p. 65—66°/0-1 mm., n,*° 1-4368 (Found: 
C, 72:8; H, 12-0; O, 15-45; OEt, 22-2%; M, 194. C,,H,,O, requires C, 72°0; H, 12-1; 
O, 16-0; OEt, 22-56%; M, 200). 

(c) Oxidation with nitric acid. A mixture of 10-ethoxydec-l-ene (1-0 g.), nitric acid (d 1-42, 
20 ml.), and water (20 ml.) was heated under reflux in an oil-bath at 100°, and an initial fairly 
rapid evolution of oxides of nitrogen occurred. After 120 hours’ heating as much solvent as 
possible was distilled off under reduced pressure (ca. 15—20 mm.), and the residue treated with 
twice its volume of water and stored overnight. The precipitate was then filtered off, washed 
with a little water, and dried, giving crude suberic acid (0-26 g.), softening at 126—128°, m. p. 
132—133° (Found: C, 54-9; H, 7-9; O, 37-0. Calc. for C,H,,O,: C, 55-2; H, 8-1; O, 36-8%), 
which recrystallised from water as needles, m. p. and mixed m. p. with authentic suberic acid, 
139°. Under identical conditions, 1,10-diethoxydecane (1-1 g.) gave 0-2 g. of crude suberic 
acid, m. p. 124—128° after previous sintering; the initial evolution of oxides of nitrogen 
was very vigorous. When azelaic acid (5-0 g., purified via the monomethyl ester) and nitric 
acid (100 ml. of d 1-42; in 100 ml. water) were heated together at 100° for 120 hr., there was 
only a slow evolution of gas. The solvent was removed in vacuo, hot water (10 ml.) added, and 
the mixture stored overnight and filtered. The product, after being washed with water and 
dried, was unchanged azelaic acid (2-80 g., 56%), m. p. and mixed m. p. 106°. The filtrate was 
concentrated to very small bulk and treated with an equal volume of hydrochloric acid, crude 
succinic acid (0-5 g.) being precipitated; it sintered at 151°, and became homogeneous at 174° 
(mixed m. p. with authentic acid, 179—181° after sintering at 174°). The mother-liquors were 
evaporated to dryness, and the residue (1-15 g.) was extracted with boiling benzene (50 ml.) 
and filtered hot. The insoluble residue was almost pure succinic acid (0-22 g.; m. p. 182—184° 
after sintering at 178°). The benzene filtrate was concentrated to small bulk, and allowed to 
crystallise. Repeated fractional crystallisations from benzene gave crude glutaric acid (0-06 g.) 
(sintered at 83—-85° and slowly melted over a range; mixed m. p. 95° after sintering at 90°). 
All the benzene mother-liquors were then mixed and concentrated to about 2 ml. Paper 
chromatography of this, ninhydrin being used to locate the spots,‘ indicated the presence of 
succinic, glutaric, adipic, pimelic, suberic, and azelaic acids (cf. Cason, Fessenden, and Agre 5). 





1 Selwitz and Whitaker, J. Org. Chem., 1957, 22, 1116. 

2 Egorova, Zhur. fiz. Khim., 1910, 42, 1655. 

3 Findley, Swern, and Scanlan, J. Amer. Chem. Soc., 1945, 67, 412. 
* Long, Quayle, and Stedman, J., 1951, 2197. 

* Cason, Fessenden, and Agre, Tetrahedron, 1959, 7, 289. 
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(d) Oxidation with potassium permanganate. A solution of 10-ethoxydec-l-ene (7-6 g.) in 
dry acetone (180 ml.) was heated to boiling under reflux, and the heating then discontinued. 
During the next 30 min., powdered potassium permanganate (18-1 g.) was added in small 
quantities at a rate sufficient to keep the mixture boiling. The mixture was then heated 
under reflux for 5 hr., and cooled, water (140 ml.) added, and the acetone removed at room 
temperature under reduced pressure. After the addition of sulphuric acid (25% v/v; 75 ml.), 
the manganese dioxide was reduced with sulphur dioxide. The resulting clear solution was 
then extracted repeatedly with ether, and the combined ether extracts were washed with 
water and then extracted with 10% sodium hydroxide solution (5 x 10 ml.). The alkaline 
extracts were mixed and washed once with ether. (All ether extracts were united and, after 
drying over CaSO,, yielded 3-0 g. of crude unoxidised 10-ethoxydec-l-ene.) After acidification 
of the alkaline solution with dilute sulphuric acid, the oil which separated was extracted with 
ether, the ethereal extract dried (CaSO,), the solvent recovered, and the residue distilled in vacuo, 
The fraction up to 120°/0-25 mm. (0-43 g.) was rejected; the fraction of b. p. 120—130°/0-25 
mm. (2-12 g.) was redistilled, giving w-ethoxypelargonic acid (1-65 g.), b. p. 113°/0-2 mm. (Found: 
C, 64-6; H, 10-7; OEt, 22-6%; equiv., 207. C,,H,,O, requires C, 65-35; H, 11-0; OEt, 22-34; 
equiv., 202). On treatment of a solution of this acid in light petroleum (b. p. 40—60°) with 
N-phenylpiperazine,*? an almost quantitative yield of the salt was obtained; this recrystallised 
from light petroleum (b. p. 40—60°) in glistening plates or flat needles, m. p. 40—42° (Found: 
C, 68-75; H, 9-65; N, 7-6. C,,H3,N,O, requires C, 69-2; H, 10-0; N, 7-7%). 

Alternative Synthesis of w-Ethoxypelargonic Acid.—w-Bromopelargonic acid * was converted 
into its ethyl ester (b. p. 94—95°/0-3 mm.); a solution of this ester (7-2 g.) in dry ethanol (10 ml.) 
was added during 30 min. to boiling ethanol (15 ml.) in which sodium (0-65 g.) had been 
dissolved. The mixture was then heated under reflux for a further 5 hr., and stored overnight. 
The bulk of the ethanol was then distilled off, and the residue cooled and poured into water 
containing a little dilute sulphuric acid. The oil which separated was extracted with ether, the 
extract washed with water and dried (CaSO,), the ether removed, and the residue distilled 
in vacuo. The main fraction, b. p. 90—94°/0-3 mm. (4-1.g.), was redistilled, giving ethyl 
w-ethoxypelargonate, b. p. 83—84°/0-35 mm. (Found: OEt, 39-9. C,,;H,,0, requires OEt, 
39-1%). Alkaline hydrolysis of this ester (2-0 g.) gave w-ethoxypelargonic acid (1-15 g.), b. p. 
106-—107°/0-08 mm. (Found: OEt, 22-9%; equiv., 199); N-phenylpiperazine salt, m. p. and 
mixed m. p. 40—42°. 

Synthesis of 10-Ethoxydecan-l-ol.—Method (i). w-Bromodecanoic acid*® was converted 
into its ethyl ester (b. p. 104—105°/0-35 mm.); a solution of this ester (11-4 g.) in dry ethanol 
(10 ml.) was then allowed to react with sodium ethoxide [from sodium (1-0 g.)] in dry ethanol 
(20 ml.) as described above for the pelargonic homologue. Ethyl w-ethoxydecanoate (6-1 g.) had 
b. p. 90—92°/0-3 mm., m,”" 1-4327 (Found: C, 68-9; H, 11-25; O, 19-9; OEt, 36-7. C,,H,,0, 
requires C, 68-85; H, 11-6; O, 19-7; OEt, 36-9%). 

Sodium (4:25 g.) was heated with stirring under boiling dry toluene (10 ml.) until molten, 
and the stirring and heating were then stopped. A hot solution (ca. 80°) of ethyl w-ethoxy- 
decanoate (5 g.) in dry butanol (70 ml.; 0-002% of water) was run in rapidly; a vigorous reaction 
started. Heat was applied initially to maintain the reaction, and then discontinued. After 
ca. | hr., the mixture was heated under reflux with stirring for 2 hr. and then cooled. Water 
(5 ml.) was added cautiously, and the mixture heated for a further 1 hr. It was then cooled, 
water (10 ml.) was added, and the butanol layer was separated and dried (Na,SO,). After 
removal of the solvent, the bulk of the residue was twice distilled; 10-ethoxydecan-1-ol (1-7 g.) 
had b. p. 99—100°/0-4 mm. (phenylcarbamate, m. p. and mixed m. p. 57°). 

Method (ii). Sodium (2-0 g.) was dissolved in anhydrous ethanol (40 ml.). To this was 
added a solution of 10-chlorodecan-1-ol ® (15 g.) in anhydrous ethanol (40 ml.), and the mixture 
was heated under reflux for 40 hr. The solvent was then distilled off, the residue dissolved as 
far as possible in wet ether, and the ethereal extract dried (Na,SO,). After removal of the 
solvent, the residue was distilled in vacuo: the main fraction (10-75 g.; b. p. 103—107°/0-3 mm.) 
was crude 10-ethoxydecan-l-ol, and yielded almost pure phenylcarbamate (15-1 g.), m. p. 
55—57° without recrystallisation. 


® Pollard and MacDowell, J. Amer. Chem. Soc., 1934, 56, 2199. 
7 Pollard and Gidwani, J. Org. Chem., 1957, 22, 992. 

* Chuit and Hausser, Helv. Chim. Acta, 1929, 12, 463. 

® Perrine, J. Org. Chem., 1953, 18, 1356. 
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Action of Sodium Ethoxide on Decamethylene Di-iodide.—Sodium (15-33 g., 0-67 mole) was 
dissolved in anhydrous ethanol (500 ml.), and decamethylene di-iodide (131-3 g., 0-33 mole) 
added. The mixture was heated under reflux for 80 hr., and the ethanol then distilled off; 
any unchanged sodium ethoxide was decomposed by addition of water, and the residue was 
extracted with ether. After the extract had been dried (CaSO,), the ether was recovered, and 
the residue distilled im vacuo, giving three fractions, (a) b. p. 63—73°/0-45 mm. (19-4 g.), (0) 
b. p. between 73°/0-45 mm. and 82°/0-3 mm. (2-5 g.), and (c) b. p. 82—88°/0-3 mm. (43-6 g.). 
There was practically no residue. Fraction (a) on redistillation gave 10-ethoxydec-l-ene 
(17-1 g.), b. p. 44—46°/0-2 mm. (Found: C, 78-2; H, 12-9; O, 8-9; OEt, 24-2. Calc. for 
C,H,,O: C, 78:3; H, 13-15; O, 8-7; OEt, 24-5%). Fraction (6) was rejected, and fraction (c), 
on redistillation, gave 1,10-diethoxydecane (40-3 g.), b. p. 82—84°/0-2 mm. (Found: C, 73-1; 
H, 12-95; O, 14-0; OEt, 38-4. Calc. for C,,H390,: C, 73-0; H, 13-15; O, 13-9; OEt, 39-1%). 

RESEARCH Division, ALLEN AND HANBURYS LTD., 

Ware, HERTs. [Received, April 26th, 1960.] 


882. Infrared Spectra of Carbohydrates. Part VIII.* Hydro- 
pyranols and Hydrofuranols. 


By N. Baccett, S. A. BARKER, A. B. Foster, R. H. Moore, 
and D. H. WHIFFEN. 


Assignments are suggested (Table 1) for the majority of fundamental 
frequencies of tetrahydropyran-2-, -3-, and -4-ol, and tetrahydro-2- 
hydroxymethylpyran, as well as (Table 2) for tetrahydrofuran-2- and -3-ol 
and tetrahydro-2-hydroxymethylfuran. 


SincE the complex spectra of sugars are only to be fully understood in relation to the 
spectra of simpler related molecules the spectra of some monohydroxy-derivatives of 
tetrahydropyran and tetrahydrofuran have been studied. The assignments of fundamental 
frequencies suggested here have been based on those for the parent rings tetrahydro- 
pyran}? and tetrahydrofuran.* The assignments of other saturated rings including 
cyclohexane,?5.6 1,4-dioxan,?’? 1,3,5-trioxan,)®%1° cyclopentane,*" and 1,3-dioxolan @ 
have also proved helpful. The new molecules discussed are all asymmetric with the 
exception of tetrahydropyran-4-ol, which has a plane of symmetry. All frequencies are 
permitted in both the Raman and the infrared spectra and the selection rules are of little 
value. 

The suggested assignments for the tetrahydropyran derivatives are given in Table 1 
which also includes a remeasurement of tetrahydropyran. The assignment of this follows 
Burket and Badger? fairly closely and the remaining assignments follow by analogy. 
A few points deserve special mention. 

Tetrahydropyranols.—C-H stretching vibrations. The interaction is likely to be such 
that the carbon—hydrogen stretchings are to be classified as symmetrical and anti- 
symmetrical CH, frequencies, rather than as equatorial and axial C-H stretches. The 
antisymmetrical modes are assigned to the higher frequencies since those below 2800 cm. 
Part VII, Barker, Bourne, Pinkard, and Whiffen, Chem. and Ind., 1958, 658. 


Kahovec and Kohlrausch, Z. phys. Chem., 1937, B, 35, 29. 
Burket and Badger, J. Amer. Chem. Soc., 1950, 72, 4397. 
Tschamler and Voetter, Monatsh., 1952, 88, 303, 1228. 
Barrow and Searles, J]. Amer. Chem. Soc., 1953, 75, 1175. 
Ramsay and Sutherland, Proc. Roy. Soc., 1947, A, 190, 245. 
Beckett, Pitzer, and Spitzer, J]. Amer. Chem. Soc., 1947, 69, 2488. 
Ramsay, Proc. Roy. Soc., 1947, A, 190, 562. 

Stair and Nielsen, J]. Chem. Phys., 1957, 27, 402. 

Ramsay, Trans. Faraday Soc., 1948, 44, 289. 

Decius, Steele, and Snyder, J. Chem. Phys., 1951, 19, 806. 
Miller and Inskeep, J. Chem. Phys., 1950, 18, 1519. 

Barker, Bourne, Pinkard, and Whiffen, J., 1959, 802, 
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TABLE l. 
Tetrahydropyran 
Assignment LR. Raman 
OH Stretch --- — 
CH, antisymmetri- 2957vs bd 
cal stretch 2929vs bd 
2910vs 2900w bd 
2849vs bd 
28l5vs 2790vw 
CH, symmetrical 2735m 2753 msh P 
stretch 2700w 2712w sh PP 
2672w PP 
2644w sh PP 
2603m sh P 
CH, scissors 1470m 
1455s 1456s d 
1445vs = 
—- 1433s d 
1386s 1384w 
C-H deformation — -- 
CH, wagging (* 1363w _— 
coupled with 1352m 1348w 
C-OH deform- = 
ation) 1303s 1299m 
1275s 1272m 
C-H deformation oo 
CH, twisting 1260m ~-- 
— 1246m 
1197vs 1197m 
_ 1171m 
CH, (rock?) 1160m 1157m 
Ring frequencies (* 1093vw 1100vw 
coupled with C-O 1047vs 1049s 
stretching of 1030s 1019s 
C-OH) 1013m = 1009s 
C-OH deformation -- -— 
CH, rock 970s _- 
Ring 873vs 873w 
Ce EEE vscecnccesscccs 856m 852w 
Ring 817s 817vs sh PP 
CH, rock —_— 759m PP 
Frequencies not 
assigned 707m 715vw sh P 
562s 
500w 458w b 
429m 43lw b 
403w b 
~250vw 


Tetra- 
hydro- 
pyran- 
2-ol 
LR. 
3395vs 


2940vs 


2850s 


2730w 


2670w 


1475w 
1463m 
1449s 


1389m 
1425w 
1361s 


1300m* 
1280m 


1334w 


1263m 
1247vw 
1201s 
1175s 
1141s 


1080vs 
1057m 
1030s* 
1018s 


98lvs 


869s 


842m 
820m 
760vw 


1118m 

1095w 
937m 
917s 
903s 
806s 
701m 
635w 
532m 
429w 


Tetra- 
hydro- 
pyran- 
3-ol 
LR. 
3395vs 


2940vs 


2810vs 


2730w 
2700w 


1475m 


1448s 


1387w 
1420w 
1370m 


1300s* 


1335w 


1258m 
1212s 

1198m 
1178m 


1147s 


1097vs 

1069m 

1032m* 
998s 


983w 


965s 


874m 
863m 


846m 
803m 


927w 
915s 

766w 
710m 
586s 

496m 
480w 
427m 


v, very; s, strong; m, medium; w, weak; P, polarised; 


diffuse; sh, sharp. 


Baggett, Barker, Foster, Moore, and Whiffen: 


Assignments (cm.") for tetrahydropyran derivatives. 


Tetrahydropyran-4-ol 


I.R. 
3350vs 


2910vs 


2825vs 


2740w 
2690w 
2675w 


1474m 
1452s 

1435w 
1385m 


1425m 


1370s 
1354vw 
1318vw 
1300m* 
1280s 


1338w 

41245w 
1228vs 
1185w 
1168m 


1130vs 


1082vs 
1065m 
1035m* 
1010s 


993s 

987m 
963m 
863vs 


863vs 
815s 
750m 


908w 
885? 
800? 
703? 
685w 
610vs 
§22? 
466? 


Tetrahydro- 
2-hydroxy- 
methyl- 
pyran 
Raman LR, 
— 3400vs 
2979vs bd 
2926vs bd 
2910vs 
2873vs bd 
2835vs bd 2827vs 
2710w 


2603vw sh P 


1460m b 
1431m b 


136lw 


1306w* 
1276m 


1240w 


1165vw 
1132m bd 


1072s b 


1008m sh 
990vw 


815 vs sh PP 


723vw 


789w 


683w 
614m sh P 
558vw 
483s 
4livw 
166vw 


1467w 
1457m 
1446s 


1383m 
1415m 
1356m 


1255vw* 
1274s 


1325vw 
1268w 


1224m 
1208s 
1183m 


1160w 


1095vs 
1075m 
1050vs* 
1005m 


992m 


962w 
872m 


858s 
800m 


947m 
932w 
920vw 
896s 
837w 
830w 
722w 
703m 
576s 
565w 
552m 
494w 
478w? 
45lw? 
436w? 


PP, partially polarised; b, broad; d, 





mn 
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TABLE 2. Assignments (cm. ) for tetrahydrofuran derivatives. 


Tetrahydro- 
. Tetrahydro- Tetrahydro- 2-hydroxy- 
Tetrahydrofuran furan-2-ol furan-3-ol methylfuran 
Assignment Lo Raman IR. LR. IR 
OH stretch — = 3400vs 3380vs 3400vs 
CH, antisymmetric 298lvs 2970s b 
stretch -- 2962s P 2955vs 
2947w — 2950vs 
2933w 2934m sh P 2930vs 
CH, symmetric stretch 2878s 2876s sh P 2890vs 2870vs 
2868s 2863s sh P 2855vs 
2720w 2720w 
2680w 
li 1S: 1495vw 
CH, scissors 1489m b 1495vw 1490w 1490vw 
1462vs —- 1469s 1470w 1470s 
1449m b 1451m 1450s 1462w 
1455m 
C-H deformation _- -- 1432m 1431m 1430vw 
CH, wagging (* coupled 1366s 1368vw 1373s 1375w 1368m 
with C-OH deform- 1332w 1335vw 1345m 1338s 1338w 
ation) 1286s — 1275s* 1295m* 1292w* 
C-H deformation — — 1330m? 1350vw? 1308w 
CH, twisting — — --- 1258w 1250m 
1233s 1238m b 1245m 1235m 1230m 
1181s 1173vw 1190s 1208w 1190s 
C-OH stretch — a 1123s 1125s 1110m 
Ring vibrations 1069vs 1073vw 1068vs 1075vs 1075vs 
1031s 1029ms 1040vs 1052m 1055vs 
C-OH deformation - — 990vs 973s 990s 
Ring vibration 91lvs 9l4vs P 923vs 903vs 928s 
CH, rocking a 857w 852s 860m 857m 
76lvw — 760m 773s 773s 
Ring vibrations 650vw 
595vw 
Not assigned 834vw 8llvw 1002s 1420vw 
824vw 1415m 
1387w 
1002vw 
904w 
882m 
819s 


Symbols: see Table 1. 


show appreciably polarised Raman lines and this is in accord with their relative magnitude 
in hydrocarbons.'* 

Methylene scissoring vibrations. Burket and Badger? have assigned the infrared 
absorption at 1451 and 1381 cm." to the scissoring vibrations of the methylene groups in 
tetrahydropyran. In the present work the infrared absorption peak near 1451 cm.*! was 
resolved into two absorptions with maxima at 1455 and 1445 cm." respectively. In 
addition a peak was found at 1470 cm.!. Tetrahydropyran should have, theoretically, 
five methylene scissoring vibrations and the frequencies assigned to these are shown in 
Table 1. Three of the methylene groups are of the type C-CH,-C, and three of the 
assigned frequencies are close to the frequency range of these vibrations in cyclohexane 
(1443—1456 cm."), The enhanced frequency 1470 cm. may be expected for a methylene 
group attached to one oxygen dnd one carbon atom. In the tetrahydropyranols 
frequencies similar to those for tetrahydropyran have been allocated to the methylene 
scissoring vibrations except that only a maximum of four such frequencies is found as 
may be predicted. 

18 Sheppard and Simpson, Quart. Rev., 1953, 7, 19. 
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Methylene wagging and twisting vibrations. The wagging frequencies in the range 
1272—1370 cm. and the twisting frequencies in the range 1165—1268 cm." are assigned 
with less certainty. Some support is obtained by a comparison of the infrared spectra 
of $-D-ribopyranose and §-L-arabopyranose with those of 2-deoxy-$-L-ribopyranose and 
1-deoxy-L-arabopyranose respectively. The 2-deoxy-§-L-ribopyranose with its extra 
ring-methylene group has extra peaks at 1293 cm. (CH, wagging) and 1194 cm.* (CH, 
twisting) while 1-deoxy-L-arabopyranose has extra peaks at 1294 (CH, wagging) and 1214 
cm.+ (CH, twisting). In comparisons of corresponding hexose and deoxyhexose 
derivatives, where the position is necessarily more complex because of the methylene 
of the hydroxymethyl group, the new twisting frequency in the deoxy-derivative could 
not be located. However, new absorption peaks in the spectra of 2-deoxy-$-D-galacto- 
pyranose (1344 cm.) and 1,2-dideoxy-p-galactopyranose (1349 cm.), which are not 
shown by a-D-galactopyranose, probably arose from wagging vibrations. Similar com- 
parisons of D-glucose and deoxy-D-glucose derivatives permitted the allocation of wagging 
frequencies in the range 1272—1370 cm.+. 

Methylene rocking vibrations. The assignments for these vibrations follow closely 
those suggested by Burket and Badger? for tetrahydropyran. One of these rocking 
vibrations, that near 856 cm.', has been previously allocated by some of us ™ to the 
methylene rocking vibrations of 2- and 3-deoxy-sugars and of the methylene-containing 
cyclitols. Some support for the allocation of a frequency near 750 cm. to a methylene 
rocking vibration comes again from comparisons of pentoses and deoxypentoses. Neither 
the absorption at 753 cm. (l-deoxy-L-arabopyranose) nor that at 756 cm.! (2-deoxy-$-1- 
ribopyranose) has any counterpart in the spectra of the corresponding pentose although 
in the former case this may be coupled with the ring breathing vibration. Other deoxy- 
pyranose derivatives showing absorption here are 1,2-dideoxy-p-galactopyranose, 755 
cm., and ethyl 2,3-dideoxy-«-p-glucopyranoside, 735 and-755 cm.*!. 

C-H deformation vibrations. Previous deuteration studies by some of us ' have firmly 
established that the two lone C-H deformations for a hydrogen on C,) of an unsubstituted 
hexopyranose or pentopyranose occur in the ranges 1340—1387 and 1275—1340 cm.1. 
In the present study allocations were made in the ranges 1415—1425 and 1325—1338 cm.1, 
In both frequency ranges there was no corresponding absorption exhibited by tetra- 
hydropyran. 

Ring vibrations. The frequencies at 817 cm. in tetrahydropyran and at 815 cm.+ 
in tetrahydro-4-hydroxypyran are assigned to the symmetric ring breathing vibration 
since in both cases these are the strongest Raman lines below 1500 cm." and both are 
highly polarised. The infrared band at 873 cm.* in tetrahydropyran and near this 
frequency in all the derivatives is believed to correspond with the type I absorption of the 
aldopyranose sugars."® This ring vibration was considered by Burket and Badger ? to 
include considerable contribution from the ring C-O-C antisymmetrical stretching. The 
remaining assignments for the ring vibrations follow closely those made by Burket and 
Badger ? for tetrahydropyran. 

Vibrations involving hydroxyl groups. The hydroxyl stretching frequencies are very 
characteristic and are easily identified at 3350—3400 cm.. They have been discussed 
previously in hydrogen-bonding studies by Barker ef al.” In order to confirm this 
assignment and locate the other frequencies associated with the C-OH group, deuterium- 
labelled derivatives (I and II) of tetrahydropyran-2-ol were prepared. Absorption peaks 
near 1300 and 1030 cm.* in the spectra of tetrahydropyran-2-ol and the 3-deutero-com- 
pound (I) disappeared on deuteration of the hydroxyl, to give (II). Further, the intense 
absorption shown by tetrahydropyran-2-ol at 981 cm.~!, which, it was suspected, included 


1 Barker, Bourne, Stephens, and Whiffen, J., 1954, 4211. 

‘8 Stacey, Barker, Bourne, Moore, Weigel, and Whiffen, 2nd United Nations Internat. Conference 
on the Peaceful Uses of Atomic Energy, 1958, No. 1466. 

16 Barker, Bourne, Stacey, and Whiffen, J., 1954, 171. 

'” Barker, Brimacombe, Foster, Whiffen, and Zweifel, Tetrahedron, 1959, 7, 10. 
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coupling with a CH, rocking mode, split into two peaks at 979s and 967m in the spectra 
of compound (I). The latter frequency persists as a weak absorption at 960 cm. in the 
Hic — CHD H.C ——CHD 
= Hic, CH OH HC.) -CH-OD a) 

spectra of the dideutero-compound (II), but the former is absent. The deuterium- 
sensitive absorption at 981 cm." in tetrahydropyran-2-ol, which has strong counterparts 
in the spectra of the other alcohol derivatives, is therefore also believed to be associated 
with the C-OH group. The C-OH stretching (around 1030 cm.) of 3-hydroxy-steroids 
is probably the counterpart of the 1030 cm.! absorption of tetrahydropyran-2-ol. 
Following Stuart and Sutherland,!® we consider the peak at 1300 cm. to be probably the 
in-plane O-H deformation. In many cases coupling either with adjacent CH, groups or 
with ring vibrations is to be expected. In the case of tetrahydropyran-3-ol the extra 
peak at 1085 cm. may be due to the bonded OH. 

Tetrahydrofuranols.—C-H _ stretching vibrations. The tetrahydrofuran ring, like that 
of cyclopentane, is probably almost planar with only a very small degree of puckering.™ 
The C-H stretching vibrations of tetrahydrofuran are therefore to be regarded as symmetric 
and antisymmetric CH, stretchings as in the case of cyclopentane. In cyclopentane the 
symmetric vibrations ™ occur near 2870 cm. +. For tetrahydrofuran the two absorption. 
peaks at 2878 and 2868 cm. are assigned to such vibrations since they are accompanied 
by strong polarised Raman lines as required for vibrations of this symmetry type. The 
weak absorption found at 2720 and 2680 cm. in tetrahydrofuran-2- and -3-ol is probably 
also of this type. The antisymmetric vibrations are found near 2966 cm. for cyclo- 
pentane. Tetrahydrofuran should show a maximum of four such vibrations, and the 
four frequencies from 2981 to 2933 cm. are assigned to these vibrations. 

Methylene scissoring vibrations. Tschamler and Voetter*® have assigned the Raman 
line at 1489 cm. to a scissoring vibration of tetrahydrofuran. The same assignment is 
made in Table 2, and it is suggested that it is concerned with the O-CH,-C group since 
this frequency is very weak in the 2-hydroxy-derivative. The other two assignments are 
of frequencies nearer to the 1455 cm.*! scissoring vibrations of cyclopentane ™ and hence 
more concerned with the C-CH,-C groups. In support of this the 1470 cm. band in the 
3-hydroxy-compound is weak. 

Methylene wagging vibrations. Miller and Inskeep ™ assigned frequencies 1316, 1283, 
and 1258 cm. to wagging modes in cyclopentane, and Tschamler and Voetter ® tentatively 
assigned frequencies of 1367, 1338, 1290, and 1238 cm. to wagging modes in tetrahydro- 
furan. These assignments indicate that an oxygen atom again increases the frequency 
of the wagging vibration and it is probable that the 1367 cm. band arises from the 
O-CH,-C groups. In Table 2, the lowest of the suggested frequencies, t.¢c., 1238 cm.*, is 
assigned to a methylene twisting vibration. 

Methylene twisting vibrations. In cyclopentane " frequencies of 1306, 1207, and 1033 
em.?, and in tetrahydrofuran * those of 1104 and 1180 cm.", have been assigned to 
twisting vibrations. In the measurement of the spectra of tetrahydrofuran we failed to 
detect the 1104 cm. band and so have assigned the 1181 and 1233 cm. frequencies to 
methylene twisting vibrations. 

Methylene rocking vibrations. Miller and Inskeep™ have assigned the 1104, 964, 
and 896 cm. frequencies of cyclopentane to methylene rocking vibrations. Tschamler 
and Voetter * suggested 1031 and 964 cm.7 as suitable candidates for similar vibrations in 
tetrahydrofuran. We found no band at 964 cm." in the tetrahydrofuran spectra, nor 
was an analogous band present in the furanols. We have therefore assigned bands at 
852—-860 and 760—773 cm. to the methylene rocking vibration, since although these 


18 Cole, Jones, and Dobriner, J. Amer. Chem. Soc., 1952, 74, 5571. 
19 Stuart and Sutherland, J. Chem. Phys., 1952, 20, 1977; 1956, 24, 559. 
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are weak in tetrahydrofuran itself they become moderately strong infrared bands in the 
furanols. 

Ring vibrations. The frequency at 914 cm.? in the tetrahydrofuran spectrum is 
assigned to the symmetric ring breathing vibration since it is the strongest polarised Raman 
line below 1500 cm.'. The frequency is somewhat higher, as expected, than that of the 
corresponding vibration of cyclopentane," at 886 cm.!. The strong infrared bands at 
1031 and 1069 cm.+ in the spectrum of tetrahydrofuran, with counterparts of similar 
intensity in the tetrahydrofuranol spectra, are believed to be due to ring vibrations. 
The other assignments to ring deformation vibrations, of the frequencies 595 and 650 cm. 
(at 545 and 617 cm. for cyclopentane), follow those of Tschamler and Voetter.* 

C-H deformations. The assignment of the higher C-H deformation frequency follows 
closely that of the hydropyranols and clearly only arises for the hydrofuranols. The 
lower C-H deformation frequency appears somewhat weak and variable and can thus 
be assigned only tentatively. 

Hydroxyl group vibrations. The OH stretching frequencies are easily assigned and 
require no comment. As found with the tetrahydropyranols a vibration associated with 
the C-OH group appears in the range 973—990 cm.*. Bands near 1110—1125 cm.1 
probably correspond to the C-O stretching since this frequency generally increases as the 
ring size gets smaller.” A tentative assignment for the OH deformation has been made at 
1275—1292 cm.* by analogy with the pyranols. 


EXPERIMENTAL 


The preparation and physical constants of the hydroxy-derivatives of tetrahydropyran 
and tetrahydrofuran used have already been reported.” : 

Preparation of [3-*H,|Tetrahydropyran-2-(?H]ol (II) and [3-*H,]Tetrahydropyran-2-ol (1).— 
Redistilled dihydropyran (1 g.) was shaken in a “‘ dry box’”’ with deuterium oxide (5 ml.) 
containing concentrated sulphuric acid (1 drop) until a homogeneous solution was obtained 
(3 hr.). After being kept for 1 hr., the mixture was neutralised with anhydrous potassium 
carbonate and distilled, to give [3-*H,]tetrahydropyran-2-[?H]ol, b. p. 50°/0-1 mm. This 
product was dissolved in water (80 ml.), sodium hydrogen carbonate was added, and the 
solution was extracted continuously overnight with ether. After being dried (Na,SO,), the 
ether extract was fractionally distilled, to yield [3-*H,]tetrahydropyran-2-ol. 

Measurement of Spectra.~—Raman spectra were obtained as previously described.'* The 
infrared spectra were measured in a Perkin-Elmer 21 double-beam spectrometer with a sodium 
chloride and a potassium bromide prism. The carbon—hydrogen and hydroxyl stretching 
frequencies were measured in the third order on a grating spectrometer having a 2500 lines/inch 
grating. The spectra were measured on liquid films. 

Infrared spectrum of (3-*H,]tetrahydropyran-2-(*H]ol (containing about 10% of [3-?H,]- 
tetrahydropyran-2-ol): 3420m (OH stretching impurity), 2950vs, 2865s, 2730w, 2670vw, 
2510vs (OD stretching); 2220m, 2190w, 2170w, 2125w (C-D stretching); 1725w, 1470w, 
1456m, 1442m, 1390m, 1382m, 1360m br, 1326w, 1306vw, 1282m, 1257m, 1235w, 1220w, 
1205w, 1162m, 1147s br, 1090vs, 1072vs, 1062vs, 1020vs, 960w, 935w, 905m, 896s, 855s, 820m, 
762m, 735m. 

Infrared spectrum of [3-2H,)tetrahydropyran-2-ol: 3420vvs, (OH stretching), 2950vs, 2870s, 
2740w, 2680vw, 2220m, 2190w, 2160w, 2120vw, 1725w, 1470w, 1461m, 1444m, 1387m, 1358m, 
1334vw, 1300m, 1282m, 1257m, 1230w, 1215w, 1200m, 1170s, 1140s, 1135s, 1095w, 1076vs, 
1060vs, 1028vs, 1015vs, 979s, 967m sh, 950vw, 935s, 902s, 895s, 870vs, 838vw, 822vs, 798m, 
768s, 739m. 
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883. Kinetic Isotope Effects in the Addition Reactions of Olefins: 
under Acid Conditions. 
By J. S. CoE and V. Gorp. 


The hydrogen isotope effect for solvent addition to propene in 90% 
aqueous formic acid at 100° (ky/ky) has been found to be ~4:5. The 
differences between this result and those of other workers are discussed on 
the basis that the isotope effect is in the main determined by the zero-point 
energy of the H-X bond from which a proton (triton) is transferred to olefin 
during the first phase of the addition reaction. 


SEVERAL values have been reported for kinetic isotope effects in addition reactions of 
olefins under acidic conditions. Nash, Taylor, and Doering! found that, in the presence 
of aluminium chloride, the reaction of hydrogen chloride with gaseous propene is 2-2 
times as fast as the corresponding reaction of deuterium chloride. Shilov e¢ al.? showed 
that the reactions of gaseous ethylene and isobutene with deuterated sulphuric acid result 
mainly in the formation of monodeuterated products, and that the isotope effect (ky/k») 
for the ethylene reaction is 2-2. On the other hand, isotope effects (ky/ky») differing little 
from unity were reported by Purlee and Taft * for the hydration of 2-methylbut-2-ene 
and 1-methylcyclopentene in dilute nitric acid. We have investigated the reaction of 
propene with 90°% formic acid at 100° in the presence of various compounds. Some of. 
the mixtures used were chosen in order to reproduce reaction mixtures obtained during 
other experiments on the solvolysis of n-propyl bromide in 90% formic acid containing 
sodium formate. The latter reaction results in the formation of small quantities of 
isopropyl derivatives.* 


TABLE 1. Reaction of propene in 90%, formic acid. 
(Mixtures were heated for 20-5 hr. at 100°.) 








0 
o 
; Initial composition of reaction mixture es 10°(Pr'OH) conversion 
a coantiemenntpeneinereinscomennieinntecesiitiisigeemeneten eae} from of propene 
No. [PrOH {HBr} [H°CO,Na] 10°[Pr'OH] 10°[Propene] found propene into PriOH 
1 0-10 0-10 0-30 _— 13-10 7-36 7-36 56-2 
2 0-10 0-10 0-30 — 13-10 6-55 6-55 50-0 
3 0-10 0-10 0-30 1-56 5-19 4-43 2-87 55°3 
4 0-15 0-15 0-30 2-34 6-20 6-53 4-19 67-7 
5 0-25 0-25 0-30 3-90 6-85 9-50 5-60 81-8 
6 0-10 0-10 — 4-85 4-80 4-80 99-0 
7 — —_ —_ _ 25-9 25-7 25-7 99-3 


The results in Table 1 show qualitatively that the rate of conversion of propene into 
isopropyl derivatives decreases with increasing excess of sodium formate over hydrogen 
bromide; i.e., hydrogen bromide counteracts the anticatalytic effect of formate ions by the 
reaction H*CO,- + HBr—» H:CO,H + Br-. Experiments 1—5 were carried out in 
tritiated media, and the alcohol present after the reaction mixtures had been heated was 
examined for C-T bonds. These bonds may be formed (i) by addition of tritiated solvent 
to propene (giving isopropyl derivatives containing one C-T bond per molecule), (ii) by the 
occurrence of exchange reactions between the alcohols and the medium, and (iii) by hydrogen 
exchange between the olefin and the medium before solvent addition. The formation of C-T 
bonds by process (iii) seems unlikely in view of the results obtained by Shilov e¢ al.? for the 
reactions of deuterated sulphuric acid with ethylene and with isobutene. It was shown 
that some C-T bonds are indeed formed by process (ii), but these account only for a fraction 
(1/7—1/2) of the activity found in the experiments with propene. When the mixtures 
used in experiments 3—5 were heated for 20-5 hr. in the absence of propene, C-T bonds 


1 Nash, Taylor, and Doering, ]. Amer. Chem. Soc., 1949, 71, 1516. 

2 Shilov, Sabirova, and Gorshkov, Doklady. Akad. Nauk S.S.S.R., 1958, 119, 533. 
3 Purlee and Taft, ]. Amer. Chem. Soc., 1956, 78, 5807. 

* Coe and Gold, unpublished work. 
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were introduced into the alcohols. This activity was determined and the values of the 
corrections given in Table 2 were thus obtained. These were subtracted from the total 
activities of the alcohols in order to find the activity due to alcohol formed by addition 
of radio-active solvent to propene. 


TABLE 2. Results of radioactivity measurements. 


Activity (in C-T bonds) of alcohols Activity (in Activity of 


in 5 ml. of reaction mixture (uc) C-T bonds) medium 
Part resulting In PrOH = 10% PriOH] of Pr'OH (c/g.-atom 
Expt. from exchange from from from propene exchangeable 

No. Total reactions propene propene (c/mole) hydrogen *) hkuylky 
| 1-00 ~0:13 ~0-87 7°36 ~0-024 0-106 ~4-4 
2 0-98 ~013 ~0-°85 6°55 ~0-026 0-106 ~4:] 
3 0-49 0-13 0-36 2-87 0-025 0-114 4-6 
4 0-76 0-26 0-50 4-19 0-024 0-114 4-7 
5 1-48 0-72 0-76 5-60 0-027 0-114 4-2 


* It was found that the H atom of the C-H bond in formic acid does not undergo exchange under 
the conditions of these experiments. The work of Miinzberg and Oberst ® and of Small and 
Wolfenden * suggests that the same is true in the case of sodium formate. 


Part of the correction in each case is due to exchange reactions of n-propanol and part 
to reactions of propan-2-ol. It is important to know how the activity is distributed 
between the two alcohols in order to estimate what part of the activity of the iso-alcohol 
formed from propene is due to C-T bonds introduced after solvent addition to the olefin. 
Separate experiments (using mixtures containing propan-2-ol but no n-propanol) showed 
that, with propan-2-ol concentrations in the range 5—10 x 108m, the part of the correc- 
tion due to the presence of C-T bonds in propan-2-ol was small, 7.e., not more than 10—15% 
of the total. A more exact assessment is not possible at present owing to the low activities 
involved, but some of the values of ky/ky in Table 2 may be 10—15% too low. Similarly, 
the corrections to be used in expts. 1 and 2 are not known precisely, but are probably very 
similar to that used for expt. 3. One further point requiring comment is that the activity 
attributed to exchange reactions of n-propanol could in fact arise from the presence of 
impurities (e.g., allyl alcohol) in the n-propanol used. The presence of impurities would 
not invalidate the corrections applied here, as the same stock solutions were used for the 
exchange reactions and the experiments with propene. 

The existence of an isotope effect is generally ascribed to a difference in zero-point 
energy between reactants and transition state. In the present case this description is 
practically equivalent to the conclusion that the transition state for addition to propene 
in slightly aqueous formic acid contains a looser bonding of the (isotopically replaceable) 
hydrogen atom than was present in the H*CO,-H bond. The rate-controlling phase in 
olefin additions under the influence of acids is generally accepted to be the formation of a 
protonated olefin intermediate, and therefore the subsequent step involving the attack 
of a nucleophilic reagent on the carbonium ion formed is not relevant here. One may 
attempt to correlate the diverse results obtained by the various studies of the kinetic 
isotope effects for addition to olefins under acidic conditions by supposing that the 
transition states in all these cases are rather similar as far as the tightness of the bond to 
hydrogen is concerned. If this is a reasonable approximation then the various isotope 
effects should depend on the tightness of the H—X bond from which the proton is trans- 
ferred during the first and rate-determining phase of the addition reaction. Table 3 
suggests that such a correlation does indeed exist.* For the purpose of this comparison 





* It should be pointed out that the values are not absolutely comparable since the first three entries 
are derived for rate comparison in light and heavy solvents and are therefore subject to a solvent isotope 
effect, whereas the result for the gas reaction and our value (which is derived from product compositions) 
are not subject to this effect. The resultant error is probably not greater than ~10% in the isotopic 
rate ratio. 


5 Miinzberg and Oberst, 7. phvs. Chem., 1935, B, $1, 18. 
® Small and Wolfenden, /., 1936, 1811. 
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the tritium isotope effect (Ay/Ay) obtained in this work has been converted into a deuterium 
isotope-effect (ky/kp) by application of the formula,’ (kg/hr) = (ky/kp)'“. The observed 
sequence of isotope effects for hydrogen ions, hydrogen chloride, and formic acid is also 
the sequence of increasing infrared stretching frequencies of the H-X bonds. 


TABLE 3. 
Olefin Acid ky/kp Ref. Olefin Acid hkulkp Ref. 
Me,C=CHMe H,O 1-22 3 CH=CH, H,SO, 2-2 2 
(dilute aq. HNO,) CH,=CH, HCl 2-2 1 
s | 
Me-C=CH-[CHg}, oi te 0-93 3 Me-CH=CH, H°CO,H 2-8 This work 


Taft * has concluded that the transition state for the hydration of isobutene in aqueous 
nitric acid is composed of the olefin molecule and a proton only. If the same transition- 
state structure applies to all additions to olefins under the influence of acids, then the 
reason for the dependence of the isotope effect on the nature of HX alone becomes obvious. 
On the data available so far it is not possible to say whether the precise correlation expected 
on this model does apply, or whether the correlation suggested is only approximate and 
indicates a similarity rather than an identity of transition states. 

It is necessary to consider the formic acid molecule as the reagent acid species in the 
above discussion of isotope effects, since this is the molecular form in which the bulk of the 
acidic hydrogen atoms of the system are stored. However, this does not imply that we 
must regard the transition state as being formed directly from formic acid and olefin 
without intervening equilibria. The fact that the rate of reaction is markedly depressed 
by the addition of sodium formate suggests that the reaction depends on the acidity of 
the medium rather than on the concentration of formic acid molecules. It could be that 
the important pre-equilibrium is the generation of a low concentration of hydroxonium 
ions which then attack olefin in the rate-determining step. However, on the assumption 
that the reaction velocity in all media follows Hammett’s acidity function (as it does over 
a limited range of acidity in aqueous solution), the processes which precede the formation 
of the transition state are likely to be of such a nature that the transition state is composed 
of olefin and proton only. The precise nature of these steps cannot be rigorously deduced 
from measurements of reaction velocities. The only equilibrium which is directly relevant 
to the kinetics is the formation of the transition state from the reactants 


H°CO,H + Me-CH:CH, == {Me*CH:CH,, Ht}*#+H'CO,-. . . . . . GI) 


(the asterisk denoting a transition state). A chemical equilibrium constant may always 
be expressed as the product of equilibrium constants of intermediate stages, whether these 
steps have physical reality or not. Thus, Purlee and Taft * would dissect the above 
equilibrium (with hydrogen ion in place of formic acid) into the components 

Ht 7 

HsO*+ + Me-CH:CH, [> H,O + Me-CH=|=CH | 
\ gS: a A ee 

H+ | 

Me:CH=|=CH =P {Me*CH:CH,, H*} * j 


and assign opposed isotope effects to these two steps. The procedure is unexceptionable, 
but it follows from the discussion of the analogous problem in aromatic hydrogen isotope 
exchange ®!© that any scheme of this kind has physical significance only for calculation 
purposes and does not necessarily express the sequence of reaction steps on the molecular 
scale. 

If we then take the view that {dlefin, H*}* expresses the composition of all transition 

7 Swain, Stivers, Reuwer, and Schaad, J. Amer. Chem. Soc., 1958, 80, 5885. 

* Taft, J. Amer. Chem. Soc., 1952, 74, 5372. 


® Melander and Myhre, Arkiv Kemi, 1959, 18, 507. 
© Gold, Lambert, and Satchell, J., 1960, 2461. 
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states and restrict our discussion to the overall equilibria, the small isotope effect with 
hydrogen ions implies that the proton is held about equally loosely in the aqueous hydrogen 
ion and in the transition state, 7.e., that the ratio of equilibrium constants Ky*/Ky* for 
reaction (1) is close to unity, and the ratio 2-8 with formic acid implies that this is the 
value of the ratio of the equilibrium constants Ky*/Ky* for reaction (2). If this inter- 
pretation is correct, and if it is indeed correct to assume that a value ~1 would apply to the 
hydrogen-ion catalysed hydration of propene (and not only to the two olefins studied by 
Purlee and Taft %), then the ratio 2-8/~1 should be equal to the ratio of dissociation 
constants Ky-co,n/Ku-co,»- The experimental value ™ for this ratio is 2-5. The agreement 
must be regarded as very close, in view of the neglect of the solvent isotope effect on the 
reaction velocity. 





EXPERIMENTAL 

Materials.—Formic acid, propan-2-ol, propene, and tritiated water were obtained as 
described previously.'** n-Propanol (May & Baker) was distilled at atmospheric pressure; 
it had b. p. 96-8—97-0°. 

Preparation and Treatment of Reaction Mixtures.—Reaction media were prepared by mixing 
standard solutions of propan-2-ol, n-propanol, and hydrogen bromide in water or formic acid 
to give the required composition. Weighed quantities of sodium formate were dissolved in 
such mixtures. Propene samples were sealed in calibrated thin-walled bulbs, and the latter 
broken by shaking after sealing with 5 ml. quantities of reaction medium in glass tubes. The 
same stock solutions were used in the experiments with propene as for determining the correc- 
tions given in Table 2. The tubes were heated in a water-bath at 100°, cooled, and broken by 
shaking in a stopped reagent bottle at slightly reduced pressure. The contents were then diluted 
and used for the estimation of isopropyl derivatives (alcohol and formate together) and for radio- 
activity measurements by the methods previously described.’ 


KinG's COLLEGE, STRAND, Lonpon, W.C.2. -- [Received, June 16th, 1960.) 


11 Schwarzenbach, Epprecht, and Erlenmeyer, Helv. Chim. Acta, 1936, 19, 1292. 
12 Coe and Gold, J., 1960, 4185. 


884. Indoles. Part IV.* The Reaction between 1,3-Dimethylindole 
and Mesityl Oxide. 


By B. Rosinson and G. F. SMItH. 


The carbazole structure (III) proposed for the product of the acid- 
catalysed interaction of 1,3-dimethylindole and mesityl oxide by Robinson 
and his co-workers ! has been confirmed experimentally. 


THE acid-catalysed reaction of 1,3-dimethylindole with 3-methylcyclohex-2-enone and 
with mesityl oxide was found by Sir Robert Robinson and his co-workers |? to lead to 
crystalline products containing an indoline system and a keto-group, to which, without 
further experimental evidence and mainly on the plausible assumption that the first step 
in the reaction must be electrophilic addition of the 6-carbon atom of the «$-unsaturated 
ketone to the $-position of the indole nucleus, they assigned structures (I) and (III) 
respectively. In a later paper on electrophilic substitution in skatole and its derivatives, 
Noland and D. N. Robinson * put forward the view that, since skatole undergoes electro- 
philic substitution at the «-position, the first step in the above reactions might well be 
attack of the af-unsaturated ketone at the «-position of the 1,3-dimethylindole, and 
suggested structures (II) and (IV) for the adducts. 


* Part III, J., 1957, 3546. 


* Cockerill, Sir Robert Robinson, and Saxton, J., 1955, 4369. 
* Sir Robert Robinson and Saxton, J., 1953, 2596. 
%’ Noland and D. N. Robinson, Tetrahedron, 1958, 3) 68. 
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We now present experimental evidence which strongly supports structure (III) for the 
mesityl oxide product and therefore by analogy structure (I) for the methylcyclohexenone 
product. 

The mesityl oxide product was smoothly reduced by the Huang-Minlon procedure to 
the oxygen-free base (V) which was shown not to be identical with 1,2,3,4,10,11-hexahydro- 
1,1,9,11-tetramethylcarbazole (VI), the synthesis of which is described below. In order to 


H H Me NH Me 
e (I) Me (I1]) het (IV) Me . 
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Sy 4 


ensure that the non-identity was not simply due to stereoisomerism at the ring-junction, 
base (V) wasdehydrogenated with mercuric acetate in aqueous acetic acid to the 3H-indolium 
salt, isolated as the perchlorate (VII): this was different from the perchlorate (VIII) syn- 
thesised from 1,2,3,4-tetrahydro-1,1-dimethylcarbazole (see below). A difference which has 
a strong bearing on the structural problem is that whereas an alkalinified solution from the 
latter salt showed ultraviolet absorption expected of an indolinol, with bands at 253 and 
302 my (¢ 8330, 2800), an alkaline solution of the isomer (VII) showed absorption expected 
of an enamine, with a single intense band at 277 my (¢ 13,500). This shows that position 1 
of the carbazole system in the mésityl oxide product must carry at least one hydrogen 
atom. This salt (VII) was smoothly reduced back to base (V) by potassium borohydride 
in methanol, showing that no skeletal rearrangement had occurred in the dehydrogenation. 
This evidence clearly eliminates structure (IV) for the mesityl oxide adduct. 


Me Me, 


cD aH See OD 
ae NH Fe, ClO," ClO.~ 


(V) (V1) (VII) wi 


Strong support for structure (III) comes from dehydrogenation by mercuric acetate to 
a product (isolated as the 1:1 molecular compound with mercurous acetate) which, 
because of the intense long-wavelength maximum at 339 my (e 27,700) and the very low 
value of 1629 cm. of the carbonyl stretching frequency [cf. 355 my (e 32,000) and 1670 
cm.! for 1-formyl-2,3,4,11-tetrahydro-9,11-dimethylcarbazole * (X)], must contain the 
carbonyl group in vinylogous conjugation with the nitrogen, and hence have structure 
(IX). This dehydrogenation product is reduced by zinc dust in methanolic sulphuric 
acid to the indoline (V). All attempts to isolate an oxygen-containing reduction product 
failed. The production of base (V) from the ketone (III) by two different routes (reduction 
under strongly alkaline conditions, and dehydrogenation followed by acidic reduction) 
indicates that in none of these reactions is a skeletal rearrangement likely to have occurred. 

All the above evidence is also consistent with a third mechanistically possible structure 














ce ) 3% e2 9: OF Me Me 
ve CHO NH OH — 
(IX) Me (XI) Me 


(XI) for the mesityl oxide me This possibility is eliminated by the failure of the 
compound to give the iodoform reaction. 


* Fritz, Chem. Ber., 





1959, 92, 1809. 
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It is noteworthy that, although the indoline bases (V) and (VI) are, as would be 
expected, completely protonated in 0-2N-mineral acid (ultraviolet spectra), the keto- 
indoline (III) is completely protonated only in 2-5n-acid. The reason for this is rather 
obscure, for it is not likely to be due to N/C=O interaction ° in view of the normal stretching 
frequency (1719 cm.) of the carbonyl group in this compound. It may be due to steric 
hindrance to solvation of the cation, although the stereochemistry of (III) is not appreciably 
different from that of (V). That there is quite considerable crowding around the nitrogen 
is, however, shown by the failure of both bases (V) and (VI) to react with methyl iodide 
at 100°, even during very long times. 

The first step in the formation of the adduct (III), electrophilic attack of the -position 
of 1,3-dimethylindole by protonated mesityl oxide, illustrates the point, sometimes over- 
looked, that the presence of a substituent at a reactive aromatic position does not prevent 
reversible addition of a reagent at that position. Thus, although the action of a simple 
electrophilic reagent E* on 1,3-dimethylindole leads to the slow formation of a 2-substit- 
ution product by way of the intermediate (XII), formation of the more stable cation 
(XIII) by addition at the 6-position occurs very much more frequently than that of (XII). 


Me Me 
= E 
Out 4) 
or N 
(X11) Me Me (XIII) 


Me Me, Me Me Me Me, 
rx Y 
N HO ‘Me 7 oO ‘NG Ne OH 
Me Me Me 


(XIVA) (XIVB) (XIVC) 


Since cation (XIII) can regain indolic aromaticity only by loss of E*, no apparent reaction 
occurs at the 8-position. The reaction of mesityl oxide with 1,3-dimethylindole, however, 
presents a special case, for the immediate product of 8-addition, the enol (XIVA) can 
either dissociate back to the starting materials or ketonise to (XIVB). This keto-cation 
cannot now as such break down to the starting materials. It can undergo two reversible 
changes, which are enolisation to (XIVA) which reopens the possibility of dissociation to 
starting materials; or it can enolise to (XIVC). This now is ideally constituted for 
cyclisation to (III) by nucleophilic addition of the enol methylene-carbon to the 2-carbon 
atom of the 3H-indolium system. Incidentally, cyclisation of the enol (XIVA) would lead 
to the cyclobutane structure (XI). 

1,2,3,4,10,11-Hexahydro-1,1,9,11-tetramethylcarbazole (VI) was synthesised as follows: 
Fischer cyclisation of the phenylhydrazone of 2,2-dimethylcyclohexanone ® gave 1,2,3,4- 
tetrahydro-1,1-dimethylcarbazole which was converted into the Grignard derivative and 
methylated with methyl iodide in refluxing benzene, to afford 2,3,4,11-tetrahydro-1,1,11- 
trimethyl-1H-carbazole; this base was converted by methyl iodide into the quaternary 
salt (VIII; I~ instead of ClO,>), reduction of which with potassium borohydride gave the 
desired base (VI). 


EXPERIMENTAL 


1,2,3,4,10,11 - Hexahydro - 4,4,9,11 - tetramethylcarbazole (V).—1,2,3,4,10,11 - Hexahydro - 
4,4,9,11-tetramethyl-2-oxocarbazole [mesityl oxide product (III)] (1-14 g.), hydrazine hydrate 
(3-2 c.c.), solid potassium hydroxide (4-4 g.), and diethylene glycol (50 c.c.) were refluxed for 
2-5 hr. The mixture was then slowly distilled until the temperature of the liquid reached 210° 
and refluxing was continued for 4 hr. Water (200 c.c.) was added to the cooled mixture, and 


* Anet, Bailey, and Sir Robert Robinson, Chem. and Ind., 1953, 944. 
* King, King, and Topliss, J., 1957‘ 919. i 





Ss eG stro 


~ te Ge te ae oe ee OU ak es SO © © we hese 


Ae wee ek ee 


| be 
eto- 
ther 
ning 
eric 
ably 
gen 
Jide 


tion 
ver- 
vent 
nple 
stit- 
tion 
I). 


tion 
ver, 
can 
tion 
ible 
n to 

for 
bon 
lead 


WS: 
3,4- 
and 
,ll- 
lary 

the 


lro - 
rate 
| for 
210° 
and 





(1960) Indoles. Part IV. 4577 


the whole extracted with ether (3 x 50 c.c.). The dried ether extracts gave a liquid (1-03 g.) 
which was dissolved in methanol (4 c.c.) containing picric acid (1-32 g.). The crystalline 
picrate had m. p. 138—140° with slight sintering at 123° (1-63 g., 76%). A further crop, m. p. 
136—139° (0-36 g., 17%), was obtained by concentration of the mother-liquor. The pure 
picrate crystallised from methanol as orange prisms, m. p. 139—140° (slight sintering at 124°) 
(Found: C, 57-4; H, 5-65; N, 12-2. C,,H,,.N,O, requires C, 57-6; H, 5-7; N, 12-1%). 

The base, liberated from the pure picrate, distilled at 70—80° (bath-temp.)/0-3 mm. and 
slowly became brown in air (Found: C, 83-5; H, 9-95. C,,H,,N requires C, 83-8; H, 10-1%). 
It had Amax. 256, 300 my (¢ 8700, 3080 respectively in EtOH), changed to benzenoid absorption 
by the addition of hydrochloric acid. The infrared spectrum showed no absorption in the 
carbonyl] stretching region. 

2,3,4,11-Tetrahydro-4,4,9,11-tetramethyl-1\H-carbazolium Perchlorate (V1I).—A solution of 
the base (V) (165 mg.) in 5% aqueous acetic acid (15 c.c.) containing mercuric acetate (1-1 g.) 
was heated at 75—-85° for 3-5 hr. The precipitated mercurous acetate was filtered off, mercuric 
ions were precipitated by hydrogen sulphide, and the clear solution was treated with saturated 
aqueous potassium perchlorate (50 c.c.) and left at 5° overnight. The crystals which separated 
(0-89 g.) were extracted with warm methanol. The extracts gave the crude perchlorate (VII), 
m. p. 232—238° (174 mg., 73-5%), which after two crystallisations from methanol formed 
feathery needles, m. p. 241—242° (Found: C, 58-75; H, 6-5. C,,H,gCINO, requires C, 58-7; 
H, 6-7), Amax, 236, 239, 275 my (c 4230, 4440, 5930 respectively in EtOH), changing on basific- 
ation tO Amax, 277 my (e 13,500). 

Reduction of the Perchlorate (VII) by Potassium Borohydride.—A solution of the metho- 
perchlorate (VII) (18-3 mg.) in methanol (5 c.c.) was treated with excess of potassium boro- 
hydride, and the mixture left at room temperature for 1 hr. The methanol was then boiled 
off under reduced pressure and the residue partitioned between ether and water. The dried 
extracts gave a colourless liquid (12-4 mg.) which with picric acid (14-2 mg.) in methanol (1 c.c.) 
gave a picrate, m. p. 134—138° (18-7 mg.). Recrystallisation from methanol gave orange 
prisms, m. p. 138—140° (sintering at 123°), undepressed by the picrate of 1,2,3,4,10,11-hexa- 
hydro-4,4,9,11-tetramethylcarbazole (V) of the same m. p. 

2,3,4,11-Tetrahydro-4,4,9,11-tetvamethyl-2-oxocarbazole (IX).—A suspension of the mesityl 
oxide product (III) (325 mg.) in a solution of mercuric acetate (2-2 g.) in 15% aqueous acetic 
acid (35 c.c.) was heated at 75—85° for 3 hr. The precipitated mercurous acetate was filtered 
off, and both the solid and the orange filtrate were extracted continuously with ethyl acetate 
for 3 days. The extract yielded an orange glass (818 mg.) which crystallised on trituration 
with ethanol to a product, m. p. 224—226°, darkening from 194° (684 mg., 67%). Crystallisation 
from ethanol yielded 2,3,4,11-tetrahydro-4,4,9,11-tetramethyl-2-oxocarbazole mercurous acetate 
complex as pale yellow, leaf-shaped plates, m. p. 227—228°, darkening from 194° (Found: 
C, 31-4; H, 3-2. C,,H,,NO,Hg,(CH,°CO,), requires C, 31-6; H, 3-3%], Amax, 242, 304, 351 my 
(c 16,100, 6350, 31,100 in EtOH). The infrared spectrum showed a sharp band at 1629 cm."}. 

The above complex (413 mg.) was partitioned between 6N-hydrochloric acid (120 c.c.) and 
chloroform (100 c.c.). The acid layer was extracted with further quantities of chloroform 
(2 x 50 c.c.). The combined organic extracts were washed with aqueous sodium carbonate 
and water and dried. Evaporation of the solvent gave the crude product, m. p. 148—153° 
(116 mg., 89%). After two crystallisations from light petroleum (b. p. 100—120°) the 2,3,4,11- 
tetrahydro-4,4,9,11-tetramethyl-2-oxocarbazole was obtained as colourless needles, m. p. 158— 
159° (Found: C, 78-9, 79-2; H, 7-75, 7-9; N, 5-95. C,,H,,NO requires C, 79-6; H, 7-9; 
N, 58%), Amax. 237, 301, 339 my (ec 16,700, 8300, 27,700). The infrared spectrum showed a 
sharp band at 1629 cm.7}. . 

Reduction of the Ketone (1X) to the Base (V).—A solution of the above dehydrogenation 
product (TX) (38 mg.) in 20% methanolic sulphuric acid (30 c.c.) was treated with zinc dust 
(24 g.), and the whole heated on the steam-bath with frequent shaking for 6 hr. The mixture 
was filtered and worked up for ether-soluble basic and neutral material. The former was a 
colourless oil (37 mg.) which on being,passed down an alumina column (grade H) with ether 
gave a colourless liquid (27 mg., 75%) with an ultraviolet spectrum identical with that of base 
(V) and gave a picrate, m. p. 138—140° (slight sintering at 125°) undepressed by the picrate 
of (V). The alumina column was then stripped with the methanol, to give material (7 mg.) 
the ultraviolet spectrum of which was identical with that of the starting material (IX). 

1,2,3,4-Tetrahydro-1,1-dimethylcarbazole.—A solution of phenylhydrazine (60 g.) and of a 
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mixture of 2,2- and 2,6-dimethylcyclohexanone (prepared by the method of King, King, and 
Topliss *) (31-5 g.) in glacial acetic acid (125 c.c.) was refluxed for 24 hr. Most of the acetic 
acid was then distilled off, and the residue partitioned between 5n-hydrochloric acid (200 c.c.) 
and ether (200 c.c.). The ether layer was washed with acid (2 x 60 c.c.) and water and was 
dried. Evaporation yielded the crude product which crystallised completely (33-4 g.). Two 
crystallisations from light petroleum gave 1,2,3,4-tetrahydro-1,1-dimethylcarbazole as prisms, 
m. p. LLO—111° (27-6 g., 55%) (Found: C, 84-1; H, 8-45. C,,H,,N requires C, 84-35; H, 8-6%), 
Amax, 229, 283, 290 mu (e 35,200, 7080, 6270 respectively in EtOH). The infrared spectrum 
showed a sharp band at 3505 cm. (NH stretching) and twin peaks at 1370 and 1390 cm. 
(gem-dimethy]). 

The acidic extracts were basified and extracted with ether, giving the basic 3H-indole 
fraction as a red-brown liquid which partially crystallised (27-2 g.): it was not investigated 
further. 

2,3,4,11-Tetrahydro-1,1,11-trimethyl-1H-carbazole.—Finely powdered 1,2,3,4-tetrahydro-1,]- 
dimethylcarbazole (4-00 g.) was added to an ether solution of methylmagnesium iodide (from 
0-75 g. of magnesium and 4-5 g. of methyl iodide). After the vigorous evolution of methane 
had subsided, the solution was refluxed for 20 min. and the ether allowed to distil off. Dry 
benzene (12 c.c.) was added and the solution refluxed whilst methyl iodide (18 c.c.) was added 
dropwise during 1 hr. Refluxing was then continued for 3 hr. Ether (60 c.c.) was next added, 
followed by ice and dilute acetic acid. The ether layer was extracted with 3N-hydrochloric 
acid, and the combined acid extracts were basified with aqueous sodium hydroxide and 
extracted with ether (2 x 50 c.c.). The ether extract yielded pale yellow crystals (3-55 g., 
83%), m. p. 51—55°. Two sublimations at 45—55° (bath-temp.)/0-01 mm. yielded pure 
2,3,4,11-tetrahydro-1,1,11-trimethyl-1H-carbazole as prisms, m. p. 58—59° (Found: C, 84-15; 
H, 8-75. C,,;H,N requires C, 84-45; H, 9-0%), Amax, 258 my (¢ 6970 in EtOH), vy,x 1565 cm. 
(C=N). 

The picrate crystallised from ethanol as yellow needles,’m. p. 151—153° (sintering from 
136°) (Found: C, 57-2; H, 4:7. C,,H,.N,O, requires C, 57-0; H, 5-0%). The methiodide 
was prepared by heating the base (3-78 g.) in methyl iodide (15 c.c.) in a sealed tube for 4 hr. 
at 100°. The product (5-96 g., 94-5%) was crystallised once from methanol, to give pale 
yellow prisms, m. p. 176—177° (Found: C, 54:35; H, 6-2. (C,,H,.IN requires C, 54-1; H, 
6-2%), Amax, 284 My, Aina, 240 mu (¢ 6470, 6330 respectively in EtOH). The methoperchlorate 
(VIII) was obtained by adding 60% perchloric acid to a solution of the methiodide (190 mg.) in 
water (2c.c.). Crystallisation from methanol yielded needles, m. p. 161—162° (Found: C, 58-4; 
H, 6-6. C,,H,,CINO, requires C, 58-7; H, 6-7%), Amax, 235, 241, 284 my (e 5250, 5330, 5830 
respectively in EtOH) which changed on basification to Aga, 253, 302 mu (e 8330, 2800 
respectively). 

1,2,3,4,10,11-Hexahydro-1,1,9,11-tetramethylcarbazole (V1).—The above methiodide (3-80 g.) 
in methanol (75 c.c.) was treated with potassium borohydride (1-5 g.). After 1 hr. at room 
temperature, water (50 c.c.) was added and the methanol boiled off. Ether-extraction of the 
aqueous phase yielded the crude base as a colourless liquid (2-42 g., 99%). A solution of this 
in methanol was treated with picric acid (2-90 g.) in methanol (10 c.c.), and the crystalline 
picrate filtered off. Crystallisation from methanol gave the picrate, yellow cubes, m. p. 185— 
187° (slow decomp. from 164°) (Found: C, 58-2; H, 5-8. C,,H,;N,O, requires C, 57:8; 
H, 5:7%), of base (VI). This gave the base (VI), b. p. 60—70° (bath-temp.)/0-01 mm., slowly 
becoming brown in air (Found: C, 83-7; H, 9-95. C,,H,,N requires C, 83-8; H, 10-1%), Amax. 
251, 293 mu (¢ 8730, 2750 respectively in EtOH), changed to benzenoid absorption by the 
addition of hydrochloric acid. 


We are indebted to the D.S.I.R. for a maintenance grant (to B. R.). 


DEPARTMENT OF CHEMISTRY, THE UNIVERSITY, 
MANCHESTER, 13. [Received, June 16th, 1960.) 
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885. Polarography of 1-Amino-4-methylthioxanthone and of 
Miracil D. 


By D. C. Munro. 


At the dropping-mercury cathode, 1-amino-4-methylthioxanthone and 
its N-substituted derivatives give a single reduction wave in acid solution; 
in alkaline solutions containing ethanol a distorted second wave is observed. 
Values of half-wave potential show that reducibility is insensitive to alkyl- 
ation of the amino-group. 
In acid solutions at concentrations of 10m and below, the shape of the 
wave is consistent with a two-electron reduction to the corresponding thio- 
xanthenol; the failure of this correlation at higher concentrations is discussed. 
In 0-2n-hydrochloric acid containing 50% of ethanol, Miracil D gives a 
linear relation between diffusion current and concentration from 8 to 
200 mg./l. This provides a method for determination of Miracil D with- 
in +5%. 
For many organic compounds, reducibility can be studied by polarographic techniques 
which can also be used for quantitative determination. The importance of oxidation- 
reduction processes to biological systems is well known, and Mason ! showed that, for two 
homologous series of acridine antimalarials, the variation in ability to inhibit the enzyme 
diamine-oxidase im vitro ran parallel to the variation in polarographic half-wave potential. 
A study has therefore been made of the polarographic reduction of Miracil D and some 
related thioxanthones. Miracil D (1-2’-diethylaminoethylamino-4-methylthioxanthone 
monohydrochloride; lucanthone hydrochloride, B.P.) (I; x = 2) has been found useful in 
the treatment of some schistosome infections; its precursor, l-amino-4-methylthio- 
xanthone, and three of its homologues (I; x = 3, 4, and 5), have also been studied. 


HO H 


Q _NH-[CHj] -NEt, NH: CH,-CH,-NEt, 
a * HCI Ea ¥ HCI. 
(II) 
) . Me . Me 


These thioxanthones have very small solubilities in water, and extensive use has been 
made of media containing 50% of ethanol. However, there is some uncertainty in glass- 
electrode readings of acidity in ethanol-water mixtures, so the variation of half-wave 
potential with pH for Miracil D has been examined in a series of aqueous buffers. The 
four homologous compounds have been compared in aqueous solution at pH 7-4. 


EXPERIMENTAL 


The instrument used was a Cambridge Instrument Co. polarograph with photographic 
recording of current—potential variation. Potential was increased mechanically at 0-3 v/min. 
A 2 ml. cell was used; a bridge of 2}% agar jelly saturated with potassium chloride served 
to connect this with the saturated calomel anode. All potentials given are those measured at 
18° relative to this anode. Oxygen was removed from solutions by cylinder nitrogen previously 
saturated with the appropriate solvent mixture. 

In our study of Miracil D two supporting electrolyte solutions were used, each containing 
50% v/v of ethanol. They were (a) 0-2N-hydrochloric acid, and (b) sodium acetate—acetic acid 
buffer. 

Quantitative extraction and deterfnination of Miracil D in measured portions of solution 
was carried out as follows. The solution (20 ml.) in a 250 ml. tap-funnel was treated with 
n-sodium hydroxide (6 ml.) and extracted successively with 10, 10, 5, 5, 5, and 5 ml. portions of 
chloroform; the combined extracts were evaporated on a steam-bath. The residue was dried 


1 Mason, J., 1950, 351. 
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(NaOH) for 12 hr., then treated with a measured volume (usually 5 ml.) of the ethanolic hydro- 
chloric acid described above and set aside in a stoppered flask for 2 days to achieve complete 
dissolution. The concentration was determined on the polarograph. 

Diffusion-current values reported are mean values of two or three polarograms 
from each solution. For Miracil D the current-concentration proportionality was found to be 
1-28 x 10% ya 1./mg. or 4-83 ua 1./millimole: the capillary, with 50 cm. height of mercury, 
delivered 1-447 mg./sec. at 20° with drop times of 3-85 sec. in water on open circuit, and in the 
ethanolic hydrochloric acid of 3-32 sec. on open circuit and 3-59 sec. at —0-8 v. 

Solutions of Miracil D in less acid solutions were prepared by adding measured volumes of 
an aqueous solution (2012 mg./l.) to the appropriate buffer solution. 

The half-wave potential of the reduction of Miracil D was studied in buffer solutions based 
on acetate (pH 2-0, 4-6), phosphate (pH 5-5, 7-4), and borate (pH 8-5, 9-5), without addition of 
ethanol. Buffers containing acetate (pH 4-6) and borate (pH 8-5) with addition of ethanol to 
50% v/v were used in comparing the half-wave potentials given by l-amino-4-methylthio- 
xanthone and Miracil D. 

Solutions of 1-amino-4-methylthioxanthone in the ethanolic acetate and borate media were 
prepared by stirring small amounts of the solid with 5 ml. of the solvent and, after 24 hr., 
decanting the saturated solution. 

The three compounds homologous with Miracil D were prepared from l-amino-4-methy]l- 
thioxanthone * by alkylation by standard methods. They were dissolved in water to give 
solutions in the range 1-6—2-0 x 10%, and appropriate volumes of these solutions were diluted 
with the phosphate buffer to give solutions at pH 7-4 of 5-0 x 10M. 

The thioxanthenol (II) from Miracil D (1-2’-diethylaminoethylamino-4-methylthioxanthenol 
dihydrochloride) was prepared as follows. Miracil D (0-2 g.) in water (30 ml.) with concentrated 
hydrochloric acid (10 ml.) was heated to boiling; small amounts of zinc dust were added during 
10 min., and the mixture was filtered and cooled; the white thioxanthenol dihydrochloride (11) 
separated. The mother-liquors acquired a deep blue colour by aerial re-oxidation of the 
product. After two recrystallisations from 2N-hydrochloric acid the solid appeared as a white 
powder, insoluble in benzene or ligroin, very soluble in methanol or ethanol, and having m. p. 
196—206° (Found: C, 58-0; H, 6-8; N, 6-5; S, 7-4; Cl, 17-00. C,)9H,,ON,S,2HCI requires 
C, 57-8; H, 6-8; N, 6-75; S, 7-7; Cl, 17-1%). Solutions for polarographic examination were 
made as described above for 1-amino-4-methylthioxanthone. 


RESULTS AND DISCUSSION 


Determination of Miracil D.—In 0-2n-ethanolic hydrochloric acid, Miracil D gives a 
reduction wave (E, = —0-86 v) which, although close to the hydrogen wave, gives con- 
sistent values for the diffusion current over the concentration range investigated (1000— 
1 mg./l.). The reduction wave (E, = —1-17 v) is better separated from the hydrogen 
wave in the ethanolic acetate medium where a similar range of concentration has been 
examined, but a graph showing the variation of log current with log concentration gives a 
line having a slope less than unity, so that in the ethanolic acetate medium there is no 
range of direct proportionality between diffusion current and concentration. 

For solutions in ethanolic hydrochloric acid, the logarithmic plot is a straight line of 
unit slope (see Figure). Direct proportionality between diffusion current and concentration 
is observed over the concentration range 8—203 mg./l. within +3, and determination 
of Miracil D may be carried out in this medium. 


TABLE 1. Determination of Miracil D in ethanolic hydrochloric acid, 


Conen. (mg./l.) .....0c.000000ee. 83 146 20-4 248 291 437 582 132 203 
Conen. found (mg./l.) ......... 84 142 208 242 296 436 576 137 208 
gr on oe oe 0 —| +4 “se 


In order to find the accuracy of this procedure, a series of standard solutions were made 
up containing Miracil D in the ethanolic hydrochloric acid. The concentrations are 
compared in Table 1 with those determined polarographically. 


® Hammick and Munro, J., 1952, 1077. 
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In ethanolic hydrochloric acid, therefore, it is possible to estimate Miracil D polaro- 
graphically within the above limits of concentration to a fair degree of accuracy. However, 
for biological systems it may be desirable to separate the thioxanthone from other reducible 
materials. To investigate the possibility of this estimation when the thioxanthone is 
extracted from preferentially water-soluble materials, solutions were made up to give a 
series of known concentrations in aqueous solution. Each solution was made alkaline and 
extracted with chloroform. After evaporation and dissolution of the residue in a 
measured amount of ethanolic hydrochloric acid, diffusion currents were measured and the 
concentration was calculated. In Table 2 are compared the concentrations set up with 
determinations made by the above technique. 


TABLE 2. Results of extraction and determination of Miracil D. 


Initial concn. (mg./l.) ......... 8-05 13-2 18-1 24:3 31-1 41-6 723 1040 145-6 
Concn. found (mg./l.) ......... 7-88 12-2 172 223 293 403 71:8 96-0 142-1 
DE EE Diakinbnvdicsossecdipecsaes —2 —8 —5 —8 —6 —3 —l —8 2 


The results show a mean loss of 5% of the original concentration due to the extraction 
and evaporation procedure; a superimposed scatter of +3% is attributed to the errors in 
the measurement of polarographic diffusion current. 














| a | 
— A 
<x 
& of 
~ 
Plot of log current against log concentration for Miracil S$ 
D in acid solutions containing 50% of ethanol. N 
© Ethanolic hydrochloric acid. 2 
@ Ethanolic acetate. ees 
os 
& 
-2 i j 
Oo / 2 3 


109, concn.(mg/t) 


Variation of Half-wave Potentials—The half-wave potentials of Miracil D have been 
measured in various aqueous buffer solutions; the measurements are for concentrations 1— 
50 x 10°m for pH 4-6 and below, and for the range 1—3 x 10m for pH 5:5 and above. 
In an aqueous buffer of pH 9-5 no waves were obtained owing to the insolubility of the free 
base of Miracil D at this alkalinity. These half-wave potentials are independent of con- 
centration, and the variation with pH is close to 0-058 v/pH unit (see Table 3); at 18°, this 
is the theoretical value for reduction with uptake of one hydrogen ion per electron. 


TABLE 3. Half-wave potentials of Miracil D in aqueous buffer solutions, 


MED Minis dabsssianidehoinescbriedices 0:80 2-33 4-64 5-53 7-44 8-45 9-45 
BONE | ackiciaccdcntctidcncsoesiqes —0-780 —0-885 —1-030 —1-095 —1:195 —1-230 _— 


The polarographic reductions of Miracil D and of l-amino-4-methylthioxanthone have 
been compared in solutions containing 50°% of ethanol, owing to the insolubility of the 
latter substance in all aqueous solutions except the most acid. In acetate (pH 4-6) with 
ethanol, both give a single reduction wave. In borate (pH 8-5) with added ethanol, both 
gave a second wave of distorted shape for which consistent measurements of half-wave 
potential cannot be made. It appears from Table 4 that the reducibility of the thio- 
xanthone system is scarcely affected by substitution of a basic alkyl side-chain for hydrogen 








4582 Polarography of 1-Amino-4-methylthioxanthone and of Miracil D. 


TABLE 4. Effect of N-alkylation on half-wave potential in ethanolic media. 


1-Amino-4-methylthioxanthone ...... E, (v) — 1-19 (acetate) — 1-36 (borate) 
DNGEE BD > ddericetnindsusisddeckscovurerdece Ey (v) —1-17 (acetate) — 1-33 (borate) 


on the l-amino-group. Even less effect is produced by variation of side-chain length, as 
shown in Table 5 by the half-wave potentials of Miracil D and three homologues, measured 
in M/15-phosphate buffer (pH 7-4) without ethanol. 


TABLE 5. Effect of side-chain length on half-wave potential at pH 7-4. 


(I; # = 2) 
Compound (Miracil D) (I; # = $) (I; = 4) (I; x = 8) 
Ble CO) svicsiecdsccreesciveseseess —1-23 — 1-23 — 1-22 — 1-22 





The Reduction Process.—From the shape of a polarographic wave it is sometimes 
possible to estimate the number of electrons involved in the reduction. From the beginning 
to the end of the wave, the tangent at the half-wave point describes a potential increment 
(AE) which is related * to the electron number by the equation AE = —4RT/nF volts. 
The potential increment of the reduction wave given by Miracil D in the ethanolic hydro- 
chloric acid has been measured for the concentration range 0-1—27-0 x 10‘*m (5— 
1000 mg./1.) and is seen to vary (Table 6). At lower concentrations, the value corresponds 
with a two-electron process, but at about 5 x 10m and above (200 mg./l.) the potential 
increment tends towards that of a one-electron process. 


TABLE 6. Variation of electron number with concentration of Miracil D. 


BPE OE) . ccescccecoscccsccevecees 0-13 0-22 0-66 1-28 3-50 5-4 9-0 27 
BE FUP cccctdsccecasccccconscccoss 0-05 0-055 0-055 0-05 0-075 0-08 0-09 0-09 
m (electroms) ..........seeeeees 2-0 1-8 1-8 2-0 _13 1-25 1-1 1-1 


That the reduction in acid solution is fundamentally a 2-electron reduction of the 
thioxanthone grouping is supported by the reduction of Miracil D in hydrochloric acid by 
zinc dust to give the colourless thioxanthenol (II): this change involves two electrons. 
The standard electrode potential of zinc relative to the saturated calomel electrode is 
—1-01 v at 25°, and this is a little greater than the half-wave potential of Miracil D under 
similar conditions of acidity. 

The thioxanthenol gives no waves at the acidity of the ethanolic acetate medium, 
although in the ethanolic borate solution a distorted reduction wave may be present at 
high negative potentials, and merged with the wave from the base electrolyte. In the 
absence of an anodic wave from the reduced species, in this case the thioxanthenol, the 
values for electron number obtained from the wave shape are not precise; however, their 
trend shows that the characteristics of the reduction process change with increasing con- 
centration. The decline in apparent electron number may be accounted for in the follow- 
ing way. 

The reduction of an unsaturated grouping may take place in two stages, with the 
intermediate formation of a free radical: 


at E, X+H*t++e—»XH...... . (R) 
and at E, XH: + Ht+e—»XH,...... . (R) 


Under conditions of polarographic reduction, when E, is larger than £,, the formation 
of two waves is observed, each representing a one-electron reduction. But when £, is 
larger than E, the two reduction stages take place together, to give a single two-electron 
wave. 

The results suggest that, for Miracil D, E, and E, have similar values whose precise 
differences depends upon pH, so that in acid solutions, low concentrations give a two- 
electron wave, but in alkaline media such as the ethanolic borate solution a separation 
into two one-electron waves may take place. 

% Munro, Nature, 1957, 180, 540. 
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With high concentrations of intermediate free radical at the surface of the mercury 
drop, the radicals may disproportionate or dimerise: 


eS > ean eto  ” 
be MM oa ea ON 


Such reactions serve to diminish the importance of the second reduction stage (R,), leaving 
the first one-electron reduction (R,) as the predominant electrode reaction. 

The polarographic reduction of the structurally similar xanthone system has been 
studied by Whitman and Wiles,‘ who report that the reduction characteristics, measured 
at 9:5 x 10m, are those of a one-electron process; no results are reported for lower 
concentrations. These authors account for the one-electron character of xanthone waves 
in terms of radical dimerisation (R,). 

For Miracil D, the transition from a two-electron wave to a one-electron wave is marked 
at concentrations above 5 x 10m (188 mg./l.); also above this point the failure of 
current-concentration proportionality becomes apparent. The evidence available is 
insufficient to choose between radical disproportionation (R,) or dimerisation (R,) as the 
more important process for thioxanthones. 


The use of ethanolic hydrochloric acid mixtures was based on preliminary experiments by 
Dr. G. W. Meacock whose help is gratefully acknowledged. The author is indebted to 
Dr. D.L]. Hammick, F.R.S., for valuable discussions throughout the preparation of this paper. 


DEPARTMENT OF INORGANIC AND STRUCTURAL CHEMISTRY, 
THE UNIverRsity, LEEDs, 2. [Received, January 15th, 1960.) 


4 Whitman and Wiles, /J., 1956, 3016. 


886. T'etrahydro- and Octahydro-4,7-phenanthroline and 
Octahydro-| ,5-diaza-anthracene. 


By W. O. SYKEs. 


The direct reduction of 4,7-phenanthroline is re-examined and new 
preparations of the tetrahydro- and octahydro-derivative are described; 
confirmatory evidence is presented for the structure of the tetrahydro- 
phenanthroline. Smith and Tung-Yin Yu’s octahydro-base! is shown to 
be octahydro-1,5-diaza-anthracene and not, as claimed, its angular isomer, 
octahydrophenanthroline. 


MATsUMURA ® described the preparation of tetrahydrophenanthroline (I) by reducing 
4,7-phenanthroline with sodium and pentanol (unspecified isomer) or with tin and hydro- 
chloric acid; Wibaut, Spiers, and Ouweltjes * repeated the latter preparation and identified 
as tetrahydrophenanthroline a by-product of the Skraup synthesis applied to p-phenylene- 
diamine. On the other hand, after using for the reduction larger proportions of tin and 
acid than those specified by Matsumura,” Ochiai and Kuroyanagi* detected octahydro- 
phenanthroline (II) in the product although, apparently, it was still in smaller proportion 
than would conflict with the yield of tetrahydrophenanthroline claimed for Matsumura’s ? 
preparation. We have established that the tetrahydro- and the octahydro-base are 
present together in the tin and acid reduction product, with tetrahydrophenanthroline 
predominating in the fraction analysed, but we have found octahydrophenanthroline to 
be the principal product of reduction by sodium and pentanol. No essential difference 


! Smith and Tung-Yin Yu, J. Amer. Chem. Soc., 1952, 74, 1096. 
* Matsumura, /. Amer. Chem. Soc., 1935, 57, 495. 

* Wibaut, Spiers, and Ouweltjes, Rec. Trav. chim., 1937, 56, 1219. 
* Ochiai and Kuroyanagi, J]. Pharm. Soc. Japan, 1943, 68, 213. 
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was found between the products when the latter reduction was carried out in pentan-1-ol 
or in crude isopentyl alcohol, and it is unlikely, therefore, that the discrepancy between 
our findings and Matsumura’s ? arises from differences in composition of the alcohols used. 


NH ‘NH NH N 
¢ ¢ bey 
Ss 7 
N N O'*N ON 


(II) ¢ am H (Iv) 

By hydrogenation of phenanthroline in the presence of Raney nickel, Searles and 
Warren 5 obtained tetrahydrophenanthroline together with 5,6-dihydro-4,7-phenanthroline, 
but Ochiai and Kuroyanagi,* working with very much higher pressures and temperatures, 
prepared octahydrophenanthroline and the fully saturated compound. There is a large 
difference between the melting range quoted by Ochiai and Kuroyanagi‘ for their octa- 
hydrophenanthroline (130—140°) and that found by us for the above sodium—pentanol 
reduction product (110—111° with previous softening), but both these unstable octahydro- 
bases yield a readily purified diacetyl derivative identical with the one obtained from the 
tin and acid reduction product; when our base was recovered from its purified diacetyl 
derivative it had no higher melting point than before. The formation of diacyl derivatives 
and a dinitroso-derivative from octahydrophenanthroline supports its formulation as (I]). 

We have now found that finely divided platinum catalyses the hydrogenation of 
phenanthroline at near-atmospheric pressure. About two mol. of hydrogen were taken up, 
but the product was a mixture from which only tetrahydrophenanthroline was isolated, in 
moderate yield. The structure (I) has hitherto been attributed to tetrahydrophenan- 
throline on the strong but essentially negative evidence that only monoacyl] derivatives 
can be prepared,” and this evidence has now been re-inforced by the following finding: 
Acetyltetrahydrophenanthroline formed a methiodide which was oxidised to the corre- 
sponding dihydro-N-methyl-oxo-compound, and the acetyl group was then removed by 
acid-hydrolysis; the resulting base was identical with the compound (III) obtained in 
good yield by catalytic hydrogenation of 3,4-dihydro-4-methyl-3-oxo-4,7-phenanthroline. 

Reduction of the supposed ® 1,2,3,4,7,8,9,10-octahydro-3,8-dioxo-4,7-phenanthroline 
(A) by aluminium lithium hydride produces ' an octahydro-base which is not the same as 
our octahydrophenanthroline although the two bases yield the same tetradecahydro- 
diazaperylene when refluxed with 3-bromopropyl] chloride. If the possibility of stereo- 
isomerism in octahydrophenanthroline is discounted, the two octahydro-bases must be 
linear and angular isomers, and the dioxo-compound (A) must, in fact, be the known? 
1,2,3,4,5,6,7,8-octahydro-2,6-dioxo-1,5-diaza-anthracene (IV). It is interesting that this 
compound is prepared by double cyclisation with aluminium chloride of NN’-di-8-chloro- 
propionyl-p-phenylenediamine, and that from the similar cyclisation of NN N’N’-tetrakis- 
2’-cyanoethyl-p-phenylenediamine Braunholz and Mann § did obtain, although only in 
one of their preparations, the linear isomer instead of their usual 4,7-phenanthroline 
derivative. Identification of product (A) by direct comparison with the authentic material 
(IV) is not practicable since neither compound melts within the ordinarily determined 
limits *? and both eventually sublime when heated on a hot-plate. Degradations with 
boiling aqueous permanganate of the dioxo-compound (A) and the corresponding acetylated 
octahydro-base both failed to provide any recognised derivative of the sought product, 
2,5-diaminoterephthalic acid, although in the latter case the finding of a diazotisable 
amine in an acid-hydrolysed sample of the reaction solution suggested that the degradation 







5 Searles and Warren, ]. Org. Chem., 1953, 18, 1317. 
® Mayer, van Ziitphen, and Philipps, Ber., 1927, 60, 858. 
7 Ruggli and Preiswerk, Helv. Chim. Acta, 1939, 22, 478. 
8 Braunholz and Mann, J., 1953, 1817. i 
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had followed the desired course. However, Smith and Tung-Yin Yu's ! octahydro-base, 
from (A), was also obtained by reduction of the authentic base (IV) and, therefore, (A) is 
the same compound as (IV), and the derived base must be octahydrodiaza-anthracene. 

This finding also verifies what was assumed to be true for one step in Ruggli and 
Preiswerk’s ? synthesis of the dioxo-compound (IV) from terephthaldialdehyde namely, 
that 7-2’-carboxyethyl-3,4-dihydrocarbostyril is nitrated first in position 6. Evidence 
against the alternative 8-nitration was to be found in the non-identity of the dioxo-com- 
pound and of the derived parent base ? with their 1,10-phenanthroline isomers. 


EXPERIMENTAL 

1,2,3,4-Tetvahydro-4,7-phenanthroline (1).—Glacial acetic acid (100 c.c.) was added to 
4,7-phenanthroline (10 g.) dissolved in hot absolute ethanol (100 c.c.), arid the mixture was 
cooled so as to produce fine crystals. It was shaken with platinic oxide (1 g.) and hydrogen 
at slightly above atmospheric pressure; absorption of hydrogen almost ceased after 6 hr. when 
nearly 2 mol. had been taken up. The resulting dark brown solution was filtered, the ethanol 
was largely removed, and the residue was diluted with dilute hydrochloric acid and then 
basified with ammonia solution to precipitate a dark, slowly solidifying oil; this was dried in a 
desiccator and extracted with several portions of boiling benzene, leaving a black tar. The 
extracted material was distilled under reduced pressure to separate a solidifying distillate 
(4g.; b. p. up to about 235°/15 mm.) from a residue, of much higher b. p., which decomposed: 
on strong heating. The distillate was tetrahydrophenanthroline, m. p. about 147°, which 
crystallised from acetone as yellow prismatic needles, m. p. 150—151°, b. p. 222°/12 mm. 
(recorded m.p. 152—152-5°,? 152°, 152-5—154°,5 b. p. 212—213°/12 mm.?*) (Found: C, 77-6; 
H, 6-5. Calc. for C,,H,,N,: C, 78-2; H, 66%). The acetyl derivative, prepared by refluxing 
the amine with acetic anhydride alone, formed prisms (from benzene-—light petroleum), m. p. 120° 
(recorded m. p. 121°, 120—120-5° 5). The benzoyl derivative, obtained by heating the amine 
briefly with an excess of benzoic anhydride, decomposing the cooled mixture with concentrated 
aqueous ammonia, and then washing the solid product with hot water, formed prisms (from 
alcohol), m. p. 179° (recorded m. p. 183-5°,? 180-7—181-0° 8). The nitroso-derivative crystallised 
in pale yellow needles (from benzene-—light petroleum), m. p. 154° (Found: C, 68-4; H, 5-3. 
C,,H,,N,O requires C, 67-6; H, 5-2%). 

The residue left from crystallisation of the distilled tetrahydrophenanthroline, when taken 
into dilute mineral acid solution and treated with sodium nitrite solution, yielded directly a 
brown precipitate (very variable amount; ~0-1 g.) which must have contained the nitroso- 
derivative of any octahydrophenanthroline present: it was not further examined. 

1,2,3,4,7,8-Hexahydvo-7-methyl-8-0x0-4,7-phenanthroline (I11).—(a) 3,4-Dihydro-4-methyl-3- 
oxo-4,7-phenanthroline ® (5 g.) in glacial acetic acid (75 c.c.) was shaken with platinic oxide 
(0-5 g.) under hydrogen at slightly above atmospheric pressure (absorption, nearly 2 mol. in 
about 3hr.) The deep yellow solution was filtered and evaporated in vacuo and the residue was 
dissolved in dilute hydrochloric acid (charcoal) and reprecipitated with ammonia solution. 
The hexahydro-compound (III) (4 g.) thus produced crystallised from chlorobenzene as yellow 
needles, m. p. 218—219° (Found: C, 72-8; H, 6-7. C,;H,,N,O requires C, 72-9; H, 6-6%). 

(b) Acetyltetrahydrophenanthroline (1 g.) was heated in a sealed tube with methyl iodide 
(2 g.) and methanol (2 c.c.) at 100° for 15 min. The solid methiodide (1-4 g.) was separated 
from the cooled mixture and crystallised from methanol as yellow leaflets, m. p. 235° with 
previous darkening and softening. It (1 g.) was oxidised with potassium ferricyanide in 
alkaline solution, and the product, which was precipitated when the solution was further 
basified, was hydrolysed by refluxing 20% w/v hydrochloric acid (5 c.c.) for 30 min. The base 
(III) (0-4 g.) was precipitated from the diluted solution (charcoal) with ammonia solution and 
crystallised from chlorobenzene as yellow needles, m. p. and mixed m. p. 218—219°. 

The acetyl derivative, formed either,by refluxing the base in acetic anhydride solution or by 
oxidising the appropriate methiodide [(b), above], crystallised from ethyl acetate as colourless 
needles, m. p. 173° (Found: C, 70-1; H, 6-3. C,;H,,N,O, requires C, 70-3; H, 63%). The 
nitroso-derivative, precipitated on mixing a solution of the base in dilute mineral acid with 


® Kaufmann and RadoSevic¢, Ber., 1909, 42, 2612; Douglas, Jacomb, and Kermack, J., 1947, 1659. 
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sodium nitrite solution, crystallised from benzene-light petroleum as pale yellow needles, m. p, 
(decomp.) about 210° (Found: C, 63-7; H, 5-4. C,,H,;N,O, requires C, 64:2; H, 5-4%). 

1,2,3,4,7,8,9,10-Octahydro-4,7-phenanthroline (11).—4,7-Phenanthroline (5 g.) was reduced 
with sodium and pentan-1-ol essentially as described by Matsumura.” The total base extracted 
by dilute hydrochloric acid from the water-washed pentanol solution was precipitated with 
aqueous~sodium hydroxide and taken up into benzene. Evaporation of the dried (Na,SO,) 
benzene solution to about 15 c.c. gave a first crop of brown octahydrophenanthroline (2} g.; 
m. p. about 109°) which by recrystallisation from benzene formed almost colourless needles, 
m. p. 110—111° after softening (Found: C, 77:5; H, 8-5. Calc. for C,,.H,,.N,: C, 76-6; H, 
8-6%); Ochiai and Kuroyanagi * described their octahydrophenanthroline as being brown, of 
m. p. 130—140° (no analysis). The compound resinified when heated below its m. p., and 
gradually darkened on exposure, an instability similar to that described by Ochiai and 
Kuroyanagi ‘ for their product. The pure base boiled at b. p. 214°/14 mm. without obvious 
decomposition, but the m. p. of the distillate was low. Distillation proved useful, however, for 
the preliminary purification of the otherwise intractable residue from the first crystallisation 
of octahydrophenanthroline; the syrupy distillate from combined residues yielded the base (a 
further 4—1 g.) by crystallisation from benzene. 

The diacetyl derivative, formed by refluxing the base with acetic anhydride, crystallised 
from ethyl acetate as colourless needles, m. p. 181—182° (Ochiai and Kuroyanagi * give m. p. 
181°) (Found: C, 70-2; H, 7-3. Calc. for C\gH»N,O,: C, 70-6; H, 7:4%). The dibenzoyl 
derivative, formed by briefly heating the base with benzvic anhydride, crystallised from 
methanol as colourless prisms, m. p. 190—191° (Ochiai and Kuroyanagi * give m. p. 189—191°). 
The dinitroso-derivative, prepared as above, crystallised from benzene as needles, m. p. 163° 
(decomp.) (Found: C, 58-6; H, 5-7. C,,H,,N,O, requires C, 58-5; H, 5-7%). The compound 
discolours in hot solutions. 

No considerable proportion of tetrahydrophenanthroline was detected in the reduction 
product, but a small amount (~0-1 g. per 5 g.) was obtained by crystallising, from acetone, the 
oily residue left after the final recovery of octahydrophenanthroline by vacuum-distillation and 
crystallisation. ; 

Reduction of 4,7-Phenanthroline by Tin and Acid.—Phenanthroline (5-4 g.) was refluxed 
with granulated tin and concentrated hydrochloric acid as described by Matsumura ? and the 
reaction mixture was poured, with stirring, into a hot 40% w/v solution of sodium hydroxide 
(300 c.c.). The precipitate of mixed bases together with some tin oxide was separated, drained 
at the pump, powdered with anhydrous potassium carbonate, and extracted with several 
portions of boiling benzene. The syrupy residue recovered from the combined benzene extracts 
was distilled under reduced pressure, yielding a fraction, b. p. up to ~235°/15 mm., and a residue 
of much higher-boiling material. The orange distillate (3 g.) crystallised from a small volume 
of acetone to yield crude tetrahydrophenanthroline (1-3 g.), m. p. ~145° improved to 150° by 
one crystallisation from acetone; the once-crystallised tetrahydrophenanthroline contained 
very little of the octahydro-compound as judged by the production of no more than a faint 
turbidity on treatment with sodium nitrite. The residue from the evaporated acetone mother- 
liquors was acetylated, to yield a very impure product from which was obtained, by extraction 
with ethyl acetate, diacetyloctahydrophenanthroline (4$—1 g.), m. p. ~178° improved by 
recrystallisation from ethyl acetate to 181—182° and not depressed on admixture with the 
product described above. 

1,2,3,4,5,6,7,8-Octahydro-1,5-diaza-anthracene.—The 2,6-dioxo-compound, colourless leaflets 
from glacial acetic acid, not melting below 300° (Found: C, 67-0; H, 5-7. Calc. for C,,.H,,.N,0,: 
C, 66-7; H, 5-6%), described by Mayer, van Ziitphen, and Phillips * as the isomeric phenanthrol- 
ine derivative, was reduced (2 g.) with lithium aluminium hydride essentially as described by 
Smith and Tung-Yin Yu.! The product, octahydrodiaza-anthracene (crude yield 1 g.) crystal- 
lised as almost colourless plates, m. p. 161—162°, from ethyl acetate or benzene (Smith and 
Tung-Yin Yu?! give m. p. 161—162°) (Found: C, 77-1; H, 8-5; N, 14-7. C,,H,,N, requires 
C, 76-6; H, 8-6; N, 14-9%). This compound, unlike octahydrophenanthroline, is fairly stable 
to exposure or heating but, like octahydrophenanthroline, gives an intense red colour when 
treated in acetone with aqueous hydrogen peroxide. The same compound (m. p. and mixed 
m. p. 161—162°) (crude yield 0-1 g.) was obtained by the same method from Ruggli and 
Preiswerk’s 7 dioxo-compound (0-2 g.). 

The diacetyl derivative, formed by refluxing the base in acetic anhydride, crystallised from 
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ethyl acetate as colourless prismatic needles, m. p. 195—196° (Found: C, 71-1; H, 7:3%). 
Like diacetyloctahydrophenanthroline, this derivative showed white fluorescence in ultraviolet 
light, followed by yellow phosphorescence. 

1,2,3,3a,4,5,6,7,8,9,9a, L0,11,12-Tetradecahydro-3a,9a-diazaperylene.—Octahydrophenanthrol- 
ine (0-5 g.) was condensed with 3-bromopropyl chloride by the method applied by Smith and 
Tung-Yin Yu ' to octahydrodiaza-anthracene; the crude ether solution yielded the tetradeca- 
hydrodiazaperylene (0-2 g.), m. p. (from ether) 189—190° with previous darkening and soften- 
ing, not depressed on admixture with the product, m. p. 189—190° similarly obtained from 
the above octahydrodiaza-anthracene (Smith and Tung-Yin Yu ! give m. p. 190—191°). 


My thanks are offered to Mr. J. A. Davidson for assistance in the preparative work. 


CHARING Cross HospiTaL MEDICAL SCHOOL, DEPARTMENT OF BIOCHEMISTRY, 
13, WiLttraAM 1V StREET, Lonpon, W.C.2. [Received, May 13th, 1960.) 


887. Orientation Effects in the Diphenyl | Biphenyl] Series. Part XV 
Derivatives of 2,2'-Bitolyl and of 2,4,2’,4'-T'etramethylbiphenyl. 
By PAuLinE M. Everitt, SHiu May Lou, and E. E. TuRNER. 


Nitration of m-tolidine in presence of excess of concentrated sulphuric 
acid occurs in position 5. 5-Nitro-2,2’-bitolyl and 2,4,2’,4’-tetramethyl-6- 
nitrobiphenyl have been made and reduced to the corresponding amines. 


SINCE 2-nitrobenzidine is readily obtained by nitrating benzidine in concentrated sulphuric 
acid solution, it appeared possible that the main product of nitrating m-tolidine under 
similar conditions would be the 6-derivative. In fact, however, the 5-nitro-compound (I) 
is formed in over 60°% yield, the de-activating effect of the amine sulphate group evidently 
being unable to outweigh the effect of the methyl group, which might be reinforced by 
steric opposition to reaction in the 2-position. 

The structure of the 5-nitro-m-tolidine has been proved as follows: (1) Replacement of 
both amino-groups by bromine atoms gave a 4,4’-dibromonitro-2,2’-bitolyl (II) in which 
only one bromine atom reacted with warm piperidine. 


Me Me Me Me 


(I) NO, NO, (II) 


(2) Deamination gave 5-nitro-2,2’-bitolyl, which was converted by simple stages into 
the known 5-nitrobiphenic acid ? and 3-nitrobiphenyl. 

m-Tolidine as prepared by us usually melted at 87—88°, as recorded by Schultz and 
Rohde,’ but one sample melted at 104—105° (cf. Carlin and Foltz * and other authors *°). 
The re-solidified material, however, melted at 87—88°. The identity of our m-tolidine 
was established by deamination, 2,2’-bitolyl being obtained. 

6-Nitro-2,2’-bitolyl,”® which it had originally been hoped to derive from 6-nitro-m- 
tolidine, was prepared from 6,6’-dinitro-2,2’-bitolyl4 by partial reduction with 
sodium sulphide,® followed by deamination by the diazo-hypophosphorous acid method. 
Reduction gave 6-amino-2,2’-bitolyl, m. p. 27° (Mascarelli and Angeletti ® recorded m. p. 
Part XIV, J., 1955, 1274. 
Schmidt and Austin, Ber., 1903, 36, 3730. 
Schultz and Rohde, Z. Farben- u. Textilchemie, 1902, I, 567. 
Carlin and Foltz, J. Amer. Chem. Soc., 1956, 78, 1997. 
Jacobsen and Fabian, Ber., 1895, 28, 2541. 
Buchka and Schachbeck, Ber., 1889, 22, 834. 
Ritchie, J. Proc. Roy. Soc., N.S.W., 1945, 78, 159. 
Mascarelli and Angeletti, Gazzetta, 1938, 68, 29. 
Sako, Bull. Soc. Japan, 1934, 9, 393. 
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105°; Ritchie? described the base as an oil). The 5-amino-compound, m. p. 59—60°, 
was obtained by reduction of 5-nitro-2,2’-bitolyl. 

2,4,2’ ,4’-Tetramethyl-6,6’-dinitrobiphenyl was prepared by an Ullmann reaction on 
2-iodo-1,5-dimethyl-3-nitrobenzene and was reduced to 6-amino-2,4,2'4’-tetramethyl- 
6’-nitrobiphenyl. This by deamination gave 2,4,2’4’-tetramethyl-6-nitrobiphenyl. The 
corresponding amino-compound was converted by common processes into 9-p-amino- 
phenyl-2,4,5,7-tetramethylphenanthridine. 


EXPERIMENTAL 


m-Tolidine was prepared from m-nitrotoluene in 55% yield by reduction in ethanol with 
zinc dust and sodium hydroxide solution, followed by rearrangement in acid; it formed plates, 
m. p. 87—88°, from benzene (Found: C, 79-3; H, 7-4; N, 13-3. Calc. for C,gH,,N,: C, 79-2; 
H, 7:6; N, 13-2%). Schultz and Rohde# give m. p. 87—88°; other workers have recorded 
higher m. p.s: 106—107°,5 108—109°,* 105—106°.4 

Deamination of m-Tolidine.—m-Tolidine was diazotised at 0° to —5° in hydrochloric acid 
and then treated with 50% hypophosphorous acid. After 15 hr. the products (red oil and 
aqueous layer) were together extracted with ether. The ethereal extract, after being shaken 
with aqueous alkali, dried, and distilled, gave a 52% yield of 2,2’-bitolyl, b. p. 110—113°/1— 
5 mm., m. p. 18° alone or mixed with pure 2,2’-bitolyl. 

5-Nitro-m-tolidine.—A solution of m-tolidine (106 g., 1 mol.) in sulphuric acid (700 c.c.; 
d 1-84) was stirred and treated at 0° to —5° with finely ground potassium nitrate (50-5 g., 
1 mol.). The addition took 2 hr. and the solution was poured on to crushed ice (6 1.), after 
being stirred for a further hour. The precipitated sulphate was filtered off and ground with 
30% sodium hydroxide solution. The base liberated was crystallised from ethanol (24 1.), 
giving a first crop 48 g., m. p. 170—173°, and a second crop 35 g., m. p. 168—171°. These were 
sufficiently pure for use in the next stage. Several crystallisations raised the m. p. to 173— 
175°. A total of 364 g. of mononitrated product (62% yield) was obtained from 483 g. of 
m-tolidine (Found: C, 64-5; H, 5-8; N, 16-4. C,,H,,N,O, requires C, 65-35; H, 5-9; N, 16-3%). 

4,4’-Dibromo-5-nitro-2,2’-bitolyl.—5-Nitro-m-tolidine was diazotised in hydrobromic acid at 
0° to —5°, and the diazo-solution added slowly to a cold suspension of cuprous bromide in 
hydrobromic acid. The reaction was complete at 100° in 1 hr. The sticky solid obtained was 
washed with alkali and water and crystallised several times from ethanol. The dibromo- 
compound had m. p. 100—101° (Found: Br, 41-8. C,,H,,Br,NO, requires Br, 41-5%). 

4-Bromo-5’-nitro-4’-piperidino-2,2’-bitolyl—A solution of the above dibromo-compound 
(0-4 g.) in piperidine (1 c.c.) was warmed on a water-bath for 5 min. The piperidino-compound 
obtained on cooling crystallised from ethanol in orange needles, m. p. 105—107° (Found: N, 
6-9. C,,H,,BrN,O, requires N, 7-2%). 

5-Nitro-2,2’-bitolyl.—5-Nitro-m-tolidine (85-7 g., 1 mol.) was diazotised in hydrochloric acid 
and the diazo-solution treated with hypophosphorous acid. After some hours the product was 
dissolved in ether, washed, and dried. The residue obtained after evaporation of the ether was 
distilled in a vacuum: it then crystallised from ethanol in yellow needles, m. p. 65—66°. A 
total of 340 g. of nitrotolidine was converted into 133-5 g. of 5-nitro-2,2’-ditolyl (yield 45%) 
(Found: C, 73-4; H, 5-8. (C,,H,,;NO, requires C, 74:0; H, 5-8%). Catalytic reduction 
(platinic oxide) in ethanol, followed by purification through the hydrochloride, gave a 70% 
yield of 5-amino-2,2’-bitolyl, which crystallised from dilute ethanol in flakes, m. p. 59—60° 
(Found: C, 84-9; H, 7-1; N, 7-2. C,gH,,N requires C, 85-2; H, 7-7; N, 7-1%). 

The benzoyl derivative formed needles, m. p. 129—130°, from dilute ethanol (Found: N, 5:1. 
C,,H,,NO requires N, 4-7%). The p-nitrobenzoyl derivative of the base crystallised from aqueous 
alcohol in pale yellow plates, m. p. 160—161° (Found: C, 72-2; H, 5-2. C,,H,,N,O; requires 
C, 72-8; H, 5-2%). The formyl derivative crystallised from light petroleum (b. p. 60—80°) and 
had m. p. 124—126° (Found: C, 80-0; H, 6-2; N, 6-2. C,,;H,,NO requires C, 80-0; H, 6-7; 
N, 6:2%). The acetyl derivative formed needles, m. p. 131—133°, from light petroleum 
(b. p. 60—80°) (Found: C, 80-2; H, 7-2; N, 5-9. (C,,H,,NO requires C, 80-3; H, 7:1; N, 
59%). 

5-Dimethylamino-2,2’-bitolyl was obtained by gradually adding dimethyl] sulphate to a hot 
mixture of benzene, aqueous alkali, and 5-aminobitolyl, and working up the mixture normally. 

10 Blanksma, Rec. Trav. chim., 1906, 25, 168. 
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The base, isolated in 61% yield, had b. p. 146—148°/7 mm. (Found: C, 84-8; H, 8-4. C,H,,N 
requires C, 85-3; H, 85%). The dimethylaminobitolyl combined readily with methyl iodide 
at room temperature to give the quaternary iodide, which crystallised from water in needles, 
m. p. 177—178° (Found: C, 55-8; H, 6-1; I, 34:1. C,,H,,NI requires C, 55-6; H, 6-0; I, 
346%). 

Oxidation of 5-nitro-2,2’-bitolyl by boiling with alkaline potassium permanganate for 6 hr. 
gave a 29% yield of 5-nitrobiphenic acid,* m. p. 266—267° (from dilute ethanol) (Found: N, 
4:9. Calc. for C,,H,NO,: N, 49%). The anhydride ™ was obtained after boiling the acid with 
acetic anhydride for lhr. It crystallised from the reaction mixture in needles, m. p. 194—195°. 
The acid (0-9 g.) was decarboxylated by boiling its solution in quinoline in the presence of 
copper powder for 1 hr. The product was poured into acid, and the mixture extracted with 
ether. After evaporation of the ether the residue was steam-distilled, and the solid product 
filtered off and crystallised from light petroleum; it had m. p. and mixed m. p. with authentic 
3-nitrobiphenyl, 63—64°. 

6-A mino-2,2’-bitolyl—Sodium sulphide reduction of 6,6’-dinitro-2,2’-bitolyl gave a 66% 
yield of 6-amino-6’-nitro-2,2’-bitolyl, m. p. 123—124° (Sako ® gave m. p. 121—123°). This 
nitro-amine (4-8 g., 1 mol.) was dissolved in hot concentrated hydrochloric acid (5 c.c., 2-5 mol.) 
and water (20 c.c.). It was diazotised at 0—5° with sodium nitrite solution (1-52 g., 1-1 mol., 
in the minimum amount of water). After 30 min. hypophosphorous acid, pre-cooled to 0°, was 
added. A vigorous reaction resulted. The product, after being left at 0° overnight, was 
extracted with ether, and the ethereal solution washed with water. The ether layer was 
evaporated, and the residue steam-distilled from alkaline solution. 6-Nitro-2,2’-bitoly] distilled 
as a pale yellow oil which solidified. It crystallised from ethanol in flakes, m. p. 42—43° (2-3 g., 
51%) (Ritchie? gives m. p. 45°, and Mascarelli and Angeletti* m. p. 42—43°). Catalytic 
reduction (platinic oxide) in ethanol and purification through the hydrochloride gave 6-amino- 
2,2’-bitolyl, m. p. 27°, needles from light petroleum (b. p. 40—60°) (yield 73%) (Found: N, 
6-9. Calc. for C,,H,,N: N, 7-1%). 

2,4,2’,4’-Tetramethyl-6,6'-dinitrobiphenyl.—2-lodo-1,5-dimethyl-3-nitrobenzene (50 g.) at 
130-——135° was gradually treated with copper powder (50 g.). The reaction was very vigorous 
and the scale could not be increased. After the addition of copper (1 hr.) the mixture was 
heated at 155—160° for 30 min. and the product was extracted with chlorobenzene. The 
dinitro-compound forms pale yellow prisms, m. p. 136—137° (85%), from ethanol or benzene 
(Found: C, 63-5; H, 4-7; N, 9-6. C,gH,.N,O, requires C, 64-0; H, 5-4; N, 9:3%). 

6-A mino-2,4,2’,4’-tetramethyl-6’-nitrobiphenyl.—The above dinitro-compound (60 g., 1 mol.) 
was dissolved in boiling ethanol (600 c.c.) in a 2-1]. 3-necked flask fitted with a stirrer. A solution 
of sodium sulphide nonahydrate (57-6 g., 1-2 mol.) and sulphur (15-4 g., 2-4 mol.) in water 
(150 c.c.) was added during 15 min., and the mixture boiled for 3 hr. It was then concentrated 
to about 400 c.c. and cooled in ice with stirring. The solid was filtered off and extracted several 
times with boiling dilute hydrochloric acid. The hydrochloride is readily hydrolysed by water, 
liberating the amine as a bright yellow solid. 6-Amino-2,4,2’,4’-tetramethyl-6’-nitrobiphenyl 
crystallised from ethanol in needles, m. p. 117—118° (Found: C, 71-7; H, 6-9; N, 10-3. 
C,,H,,N,O, requires C, 71-1; H, 6-7; N, 10-4%). 

2,4,2’,4’-Tetramethyl-6-nitrobiphenyl.—The last-mentioned amine was diazotised in dilute 
hydrochloric acid. The diazo-solution was treated with hypophosphorous acid. Addition 
of copper powder accelerated the reaction, which was complete in 1 hr. at 15—20°. The solid 
was filtered off and then steam-distilled from alkaline solution. The nitro-compound crystallised 
from ethanol in pale yellow rhombs, m. p. 107—108° (54%) (Found: C, 75-2; H, 6-6; N, 5-6. 
C,,H,,NO, requires C, 75-3; H, 6-7; N, 5-5%). 

6-A mino-2,4,2’,4’-telramethylbiphenyl.—The above nitro-compound was reduced either 
catalytically (platinic oxide, ethanol) or by stannous chloride and hydrochloric acid. Catalytic 
reduction was preferred, since working up was more rapid and the yield was nearly quantitative. 
In the catalytic reduction of the nitro-compound (10 g.), the residue, after evaporation of the 
ethanol, was treated with concentrated hydrochloric acid, and the solid hydrochloride filtered off 
and crystallised from dilute hydrochloric acid (Found: C, 72-9; H, 7-5; N, 4-9. CygH CIN 
requires C, 73-4; H, 7-7; N, 54%). The amine was liberated by ammonia and extracted into 
ether. After evaporation of the ether the residue eventually solidified (yield 96%), having 
m. p. 50—51°. The amine was very soluble in all usual solvents and could not be recrystallised. 

11 Bell and Robinson, /., 1927, 2237. 
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2,4,2’4’-Tetramethyl-6-p-nitrobenzamidobiphenyl was prepared from the amine by using 
pyridine and p-nitrobenzoyl chloride. It crystallised from ethanol in pale yellow prisms or 
needles, m. p. 140—141° (75%) (Found: N, 7-2. C,,3H,.N,O,; requires N, 7-5%). 

2,4,5,7- Tetramethyl-9-p-nitrophenylphenanthridine.—2,4,2’4’ - Tetramethyl-6- - nitrobenz- 
amidobiphenyl (8 g.) and phosphoryl chloride (16 g., 9-3 c.c.) in nitrobenzene (25 c.c.) were 
heated at 175—180° for 12 hr. The product was poured into alkali and steam-distilled to 
remove nitrobenzene. The residue crystallised from ethanol in bright yellow rhombs (78%), 
It melted partly at 160° and then completely at 177—178°. In different crystallisations flat 
needles, m. p. 159—160°, or rhombs, m. p. 177—-178°, were obtained. The ultravolet absorption 
spectra of the two kinds of crystal were identical (Found: C, 77-8; H, 5-9; N, 8-0. C,3H, N,O, 
requires C, 77-5; H, 5-7; N, 7-9%). 

9-p-A minophenyl-2,4,5,7-tetramethylphenanthridine.—A solution of 2,4,5,7-tetramethyl-9-p- 
nitrophenylphenanthridine (7-3 g., 1 mol.) in hot acetic acid (40 c.c.) was treated at 70° with a 
solution of stannous chloride dihydrate (15 g., 3 mol.) in concentrated hydrochloric acid 
(18 c.c., 9 mol.). The solution was boiled under reflux for 15 min., and the reaction completed 
by heating on a boiling-water bath for 45 min. Pouring into excess of 10% sodium hydroxide 
solution precipitated a pale yellow solid, which was filtered off and washed with water. It 
dissolved in dilute hydrochloric acid to give an orange-red solution, which was filtered from a 
trace of impurity. The amine was then reprecipitated with alkali, filtered off, and dried. It 
was treated with boiling benzene (100 c.c.) and filtered from insoluble tin salts, the filtrate being 
concentrated to about 40.c.c. Light petroleum (b. p. 60—80°) was added until a slight turbidity 
was produced. The solution was boiled until a clear solution was obtained and then, on cooling, 
the phenanthridine crystallised in pale yellow prisms, m. p. 195—196° (77%) (Found: C, 84-3; 
H, 6-5; N, 9-2. C,,H,.N, requires C, 84-6; H, 6-8; N, 8-6%). 


This work was completed in 1957, when P. M. E. held a maintenance grant from the Depart- 
ment of Scientific and Industrial Research. 


BEDFORD COLLEGE, LONDON. a; [Received, May 24th, 1960.} 


888. Pyrimidines. Part XI.* Synthesis of 5-Hydroxypyrimidine 
and Related Compounds. 


By J. H. CHESTERFIELD, J. F. W. McOmie, and M. S. Toute. 


The synthesis of the hitherto unknown 5-hydroxypyrimidine and of its 
2-phenyl and 4,6-dimethyl derivatives is described. 


EarLy work on the synthesis of derivatives of 5-hydroxypyrimidine has been summarised 
by Hull! and by Davoll and Laney.? Hull prepared several 5-hydroxy-compounds by 
persulphate oxidation of pyrimidines containing at least one electron-releasing group. 
Davoll and Laney used a more versatile method in which the potential 5-hydroxy-group was 
protected during the ring synthesis as its tetrahydropyranyl (or in one example benzyl) 
ether. More recently Henze and Kahlenberg * have prepared a number of 5-hydroxy-2- 
thiouracils and 5-hydroxyuracils from alkyl «y-dialkoxyacetoacetates. All of the 5- 
hydroxypyrimidines so far prepared have contained at least one extra hydroxy-, amino-, 
or substituted amino-group, and hence the properties of the 5-hydroxyl group have been 
to some extent obscured. The present work was undertaken in order to study some 
5-hydroxypyrimidines which did not contain another potentially tautomeric group; part 
of the work has been outlined in a preliminary publication.‘ 

Methyl methoxyacetate was formylated and the crude ester (I) was treated with 


* Part X, J., 1959, 525. 

' Hull, J., 1956, 2033. 

2 Davoll and Laney, /., 1956, 2124. 

8 Henze and Kahlenberg, J. Amer. Chem. Soc., 1958, 80, 1664. 
* McOmie and Chesterfield, Chem. and Ind., 1956,.1453. 
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thiourea, giving 4-hydroxy-2-mercapto-5-methoxypyrimidine (II). Desulphurisation of 
the latter with Raney nickel yielded 4-hydroxy-5-methoxypyrimidine (III; R = Me, 


CH-ONa 
S 
C—OMe N° OMe N° Sor 
1 | | 
CO,Me sll ZOH U PR 
(I) N N 
(II) (111) 
a 
hee Sa Bu n~ So- 
| 
(IV) (V) (VI) R 


R’ = OH), which was converted into the 4-chloro-compound (III; R = Me, R’ = Cl) and 
thence, by reaction with thiourea,5 into 4-mercapto-5-methoxypyrimidine (III; R = Me, 
R’ = SH). The direct replacement of the 4-hydroxyl by the 4-mercapto-group by treat- 
ment with phosphorus pentasulphide in pyridine was less satisfactory: the yield of the 
desired mercapto-compound was variable, the major product of the reaction often being 
the dipyridine salt of a trithiopyrophosphate ester which is thought to have structure (IV) 
or one of its tautomeric forms. This pyridine salt was boiled with Raney nickel in ethanol 
and in a few experiments 5-hydroxypyrimidine (V) was obtained in traces. Kenner and 
Williams * have recently shown that reduction of aryl diethyl phosphates proceeds mainly 
by aryl-oxygen cleavage and a similar fission probably occurs with compound (IV). In 
addition it was found later that 5-hydroxypyrimidine is gradually destroyed when boiled 
with Raney nickel and this method is of no preparative use. Desulphurisation of 
4-mercapto-5-methoxypyrimidine gave only a 32% yield of 5-methoxypyrimidine (IIT; 
R = Me, R’ = H), demethylation of which proved difficult. The use of hydrobromic, 
hydrochloric, or sulphuric acid, of aluminium chloride, or of pyridine hydrochloride gave 
black amorphous material, indicating that 5-hydroxypyrimidine is very unstable towards 
strong acids. However, hydrolysis with potassium hydroxide in ethylene glycol gave 
5-hydroxypyrimidine (V) in 25% yield. Attempts to prepare 5-methoxypyrimidine from 
its 2,4-dichloro-derivative by zinc dust and water or by catalytic reduction gave only 
2-chloro-5-methoxypyrimidine which did not react with thiourea. 4-Hydrazino-5-meth- 
oxypyrimidine, made from the 4-chloro-compound, gave a low yield of 5-methoxy- 
pyrimidine when oxidised by aqueous copper sulphate. Bredereck e¢ al.’ have recently 
made 5-methoxypyrimidine by the action of sodium methoxide on 5-bromopyrimidine. 

A parallel series of reactions was carried out with benzyl in place of methyl as the 
protective group. However, the overall yield of 5-benzyloxypyrimidine was much less 
than that of the 5-methoxy-compound and this route was not further explored. 

5-Hydroxy-2-phenylpyrimidine was made by a four-stage synthesis. Benzamidine was 
condensed with methyl sodio-8-hydroxy-«-methoxyacrylate (I), and the resulting 4-hydroxy- 
5-methoxy-2-phenylpyrimidine was converted via the corresponding 4-mercapto-compound 
into 5-methoxy-2-phenylpyrimidine. Finally alkaline hydrolysis of the latter com- 
pound gave 5-hydroxy-2-phenylpyrimidine. The preparation of 5-hydroxy-4,6-dimethyl- 
pyrimidine started from 3-acetoxypentane-2,4-dione, which with thiourea gave 5-hydroxy- 
2-mercapto-4,6-dimethylpyrimidine directly. Desulphurisation of this mercapto-compound 
gave 5-hydroxy-4,6-dimethylpyrimidine; hydrolysis of the same mercapto-compound gave 
2,5-dihydroxy-4,6-dimethylpyrimidine which had previously been prepared! by per- 
sulphate oxidation of 2-hydroxy-4,6-dimethylpyrimidine. 

Ultraviolet and infrared spectroscopy has established that 2- and 4-hydroxypyrimidine 

5 Ochiai and Naito, ]. Pharm. Soc. Japan, 1943, 68, 317; Boarland and McOmie, /J., 1951, 1218. 


® Kenner and Williams, J., 1955, 522. 
7 Bredereck, Gompper, and Herlinger, Chem. Ber., 1958, 91, 2832. 
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exist predominantly in the lactam forms. Although the neutral form (V) of 5-hydroxy- 
pyrimidine could not tautomerise to a lactam form it could exist as a zwitterion (VI; 
R =H). However, ultraviolet studies* show that 5-hydroxypyrimidine in neutral 
solution exists almost entirely as neutral molecules. In contrast to this, neutral solutions 
of 3-hydroxypyridine contain about 54% of the zwitterion form. Attempts to prepare 
the N-methyl derivative (VI; R = Me), which must exist in a dipolar form, were un- 
successful. As would be expected, 5-hydroxypyrimidine shows phenolic properties. It 
has pK, 6-78,8 compared with 8-26 for the neutral form of 3-hydroxypyridine ® and 9-9 for 
phenol. The compound and its 2-phenyl derivative give an orange-red colour with 
aqueous ferric chloride (3-hydroxypyridine gives a red colour !) whereas the 4,6-dimethyl 
derivative gives a brown-orange colour. Towards substitution 5-hydroxypyrimidine is less 
reactive than 3-hydroxypyridine which in turn is less reactive than phenol. Thus in the 
Gibbs test " for phenols with a free para-position 3-hydroxypyridine,’® like phenol, gives 
an immediate blue colour, whereas 5-hydroxypyrimidine reacts slowly and gives a weak 
purplish-black colour; the 4,6-dimethyl derivative, however, is more reactive and gives 
an immediate blue colour. 3-Hydroxypyridine couples with diazonium salts, but the 
three 5-hydroxypyrimidines described in this paper failed to couple with diazotised 
p-nitroaniline. 


EXPERIMENTAL 


4-Hydvoxy-2-mercapto-5-methoxypyrimidine (I1).—A mixture of methyl methoxyacetate ” 
(104 g.) and ethyl formate (74 g.) was added dropwise to a stirred suspension of sodium (23 g.) 
in toluene (300 ml.), the temperature being kept below 30°. Next day the toluene layer was 
decanted and to the crude, viscous methyl sodio-8-hydroxy-«-methoxyacrylate were added 
ethanol (150 ml.) and thiourea (76 g.). The mixture was stirred for 1 hr. at room temperature, 
then boiled under reflux for 5 hr. After cooling, the solid was collected and dissolved in water 
(500 ml.), and the solution was neutralised with 6N-hydrochloric aicd. The precipitated 
pyrimidine (84 g., 52%) was collected and dried at 100°; it was pure enough to be used directly 
in the next stage. A portion was recrystallised from water, giving 4-hydvoxy-2-mercapto-5- 
methoxypyrimidine as needles, m. p. 280—281° (decomp.) (Found: C, 38-2; H, 3-7; N, 17-4. 
C,H,N,O,5 requires C, 38-0; H, 3-8; N, 17-7%). 

4-Hydroxy-5-methoxypyrimidine (II1; R = Me, R’ = OH).—Raney nickel sludge ' (160 g.) 
was added to a hot solution of 4-hydroxy-2-mercapto-5-methoxypyrimidine (30 g.) in water 
(300 ml.\ and ammonia (30 ml.; d 0-88). After being boiled under reflux with vigorous stirring 
for 4 hr. the mixture was filtered and the combined filtrate and washings were evaporated to 
dryness on a water-bath. The residue recrystallised from ethanol (charcoal), giving 4-hydroxy- 
5-methoxypyrimidine (16-5 g., 69%) as needles, m. p. 210—211° (Found: C, 47-8; H, 5-0; N, 
22-5. C,H,N,O, requires C, 47-6; H, 4-8; N, 22-2%). 

4-Chloro-5-methoxypyrimidine (III; R = Me, R’ = Cl).—4-Hydroxy-5-methoxypyrimidine 
(6-5 g.) and phosphoryl chloride (50 ml.) were boiled under reflux for 1-5 hr. Excess of phos- 
phoryl! chloride was removed under reduced pressure and the solution remaining was poured on 
ice. The mixture was neutralised with 2N-sodium hydroxide, and the crude chloropyrimidine 
(5-6 g., 75%) collected in ether (6 x 150 ml.). The compound was sublimed at 80—85°/15 mm., 
giving 4-chloro-5-methoxypyrimidine, m. p. 63—64°, which became yellow when kept (Found: 
C, 41-7; H, 3:3; N, 19-3. C,H,CIN,O requires C, 41-5; H, 3-5; N, 19-4%). 

4-Mercapto-5-methoxypyrimidine (111; R = Me, R’ = SH).—A mixture of 4-chloro-5-meth- 
oxypyrimidine (4-2 g.), thiourea (2-5 g.), and ethanol was boiled under reflux for 5 hr. The 
solution was concentrated under reduced pressure and, after cooling, it yielded a yellow solid 
which was dissolved in water. The solution was neutralised with sodium carbonate. Con- 
centration then gave 4-mercapto-5-methoxypyrimidine (2-2 g., 54%) as yellow, hexagonal plates, 
m. p. 209—211° (Found: N, 19-5; OMe, 21-7. C,;H,N,OS requires N, 19-7; OMe, 21-8%). 

8 Mason, /., 1957, 5010; 1958, 674. 

* Metzler and Snell, J. Amer. Chem. Soc., 1955, 77, 2431. 

” Stiller, Keresztesy, and Stevens, J. Amer. Chem. Soc., 1939, 61, 1237. 

1! Gibbs, J. Biol. Chem., 1927, 72, 649. 


12 Schreiner, Annalen, 1879, 197, 8. 
4S Brown, |]. Soc. Chem. Ind., 1950, 69, 353. 
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With methyl sulphate and sodium hydrogen carbonate it gave 5-methoxy-4-methylthio- 
pyrimidine, m. p. 75° (Found: C, 46-3; H, 5-1; N, 18-4. C,H,N,OS requires C, 46-2; H, 5-1; 
N, 180%). 

Action of Phosphorus Pentasulphide on 4-Hydroxy-5-methoxypyrimidine.—(a) A mixture of 
4-hydroxy-5-methoxypyrimidine (5-1 g.) and phosphorus pentasulphide (9-9 g.) in pyridine 
(70 ml.) was boiled under reflux for 1 hr. After being cooled, the mixture was added to water 
(300 ml.), and the solution was concentrated to about 75 ml. on the water-bath. On cooling, 
a brown solid separated and was recrystallised from water (charcoal), giving 4-mercapto-5- 
methoxypyrimidine (3-1 g., 54%), m. p. 209—211°, identical with that obtained as above. 

(b) A similar experiment in which the hydroxypyrimidine (10 g.), phosphorus pentasulphide 
(36 g.), and pyridine (200 ml.) were boiled for 1-5 hr. and worked up as before gave a compound 
(IV) which, after crystallisation from water, formed yellow prisms (11-8 g.), m. p. 205—209° 
(decomp.) (Found: C, 36-8; H, 3-2; N, 11-9; S, 25:7; P, 140. C,H,N,O,P,S,,2C;H,N 
requires C, 34:0; H, 3-2; N, 11:3; S, 25-9; P, 12-6%). 

The compound gave a positive molybdate test for phosphate, and pyridine was liberated 
when it was boiled with alkali and then steam-distilled. The pyridine was identified by con- 
version into the mercuric chloride adduct, m. p. 179—180° alone or mixed with an authentic 
specimen. The bright yellow colour of an aqueous solution of the compound was almost 
completely discharged on addition of sodium hydroxide, and was restored on acidification. 
This behaviour is typical of 4-mercaptopyrimidines. 

5-Methoxypyrimidine.—4-Mercapto-5-methoxypyrimidine (2-0 g.) in water (30 ml.) was 
boiled under reflux with Raney nickel sludge (15 g.) which had been deactivated previously by 
boiling in acetone for 2 hr. and then washed with water. After cooling, the nickel was removed 
by filtration and washed with hot water (10 ml.), then the combined filtrate and washings were 
saturated with sodium chloride. Extraction with ether, followed by distillation, gave 5-meth- 
oxypyrimidine (0-5 g., 32%), b. p. 70—72°/16 mm., m. p. 46—47° (Found: N, 25-7; OMe, 27-2. 
C;H,N,O requires N, 25-5; OMe, 28-2%), Amax, 2745 A (¢ 4027 in EtOH). The mercuric chloride 
adduct, recrystallised from ethanol, formed needles, m. p. 232—234° (decomp.) (Found: C, 9-3; 
H, 0-8; N, 4:3. C,;H,N,O,2HgCl, requires C, 9-2; H, 0-9; N, 43%). The picrate, crystallised 
from ethanol, formed yellow needles, m. p. 126—127° (Found: C, 38-6; H, 2-7; N, 20-2. 
C;H,N,O,C,H,N,O, requires C, 38-9; H, 2-7; N, 20-6%). 

5-Hydroxypyrimidine.—5-Methoxypyrimidine (1 g.) and dry, powdered potassium hydroxide 
(2-5 g.) in ethylene glycol (15 ml.) were boiled under reflux for 3 hr. The excess of glycol was 
removed at 120—130°/20 mm. and the residue was neutralised with acetic acid and boiled with 
dioxan (10 ml.). After filtration, the residue was extracted four more times with boiling dioxan 
(10 ml. each time). The united extracts were concentrated in vacuo to ca. 50 ml. and cooled 
in a refrigerator. After 2 hr. the needles were collected and washed with a little cold dioxan, 
then purified by sublimation at 140—150°/16 mm., giving pure 5-hydroxypyrimidine (0-19 g., 
25%), m. p. 211—212° (decomp.) (Found: C, 50-0; H, 4-2; N, 28-9. C,H,N,O requires 
C, 50-0; H, 4:2; N, 29-2%), Amax. 2760 A (« 5360 in EtOH). 5-Hydroxypyrimidine is very 
soluble in water, but sparingly soluble in ether. It gives an orange-red colour with aqueous 
ferric chloride. 

2,4-Dihydroxy-5-methoxypyrimidine.—(a) 4-Hydroxy-2-mercapto-5-methoxypyrimidine (15 
g.) and chloroacetic acid (15 g.) in water (375 ml.) were boiled under reflux for 2 hr., then con- 
centrated hydrochloric acid (60 ml.) was added and the boiling continued for 7 hr. After cool- 
ing, the dihydroxypyrimidine (12-4 g., 92%) was collected and washed. A sample, recrystallised 
from hot water, had m. p. 341—345° (decomp.) (Found: C, 42-4; H, 4-6; N, 19-9. C,;H,N,O, 
requires C, 42-3; H, 4:2; N, 19-7%). 

(b) A suspension of urea (30‘g.) in ethanol (200 ml.) was added to crude methyl sodio-6- 
hydroxy-a-methoxyacrylate (prepared from 52 g. of methyl methoxyacetate as described 
previously), and the mixture boiled under reflux for 5 hr., then was cooled, diluted with water 
(200 ml.), and acidified with acetic acid. The precipitated dihydroxypyrimidine (19 g., 21%), 
m. p. 328—333° (decomp.), was collected and washed with water and ethanol. 

2,4-Dichloro-5-methoxypyrimidine.—2,4-Dihydroxy-5-methoxypyrimidine (6 g.), phosphoryl 
chloride (30 ml.), and dimethylaniline (6 ml.) were boiled under reflux for 2 hr. The mixture 
was poured on crushed ice (80 g.), and the product collected in ether. Recrystallisation from 
light petroleum (b. p. 40—60°) gave 2,4-dichloro-5-methoxypyrimidine (4-6 g., 61%) as needles, 
m. p. 66—68° (Found: C, 33-9; H, 2-3. C,;H,Cl,N,O requires C, 33-5; H, 2-2%). 
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4-A mino-2-chloro-5-methoxypyrimidine.—Sodium was added to 2,4-dichloro-5-methoxy- 
pyrimidine (4-4 g.) in ether (10 ml.) and liquid ammonia (200 ml.) until there was no further 
sign of reaction. After the ammonia had been allowed to evaporate, the residue was dissolved 
in dilute hydrochloric acid and treated with charcoal. The filtered solution was neutralised 
with sodium carbonate, and the precipitate collected in ether. The product was crystallised 
from light petroleum (b. p. 60—80°), then twice from ethanol, thereby giving the amino- 
pyrimidine (0-3 g.), m. p. 181—182° (decomp.) (Found: N, 26-4. C,;H,CION;, requires N, 26-3%),. 

2-Chlovo-4-hydrazino-5-methoxypyrimidine.—2,4-Dichloro-5-methoxypyrimidine (1 g.) and 
64% w/w hydrazine hydrate (1 ml.) in ethanol (10 ml.) were boiled for l hr. After cooling, the 
hydvazinopyrimidine (0-95 g.), m. p. 148—150°, was collected (Found: C, 34:8; H, 4:3; N, 31-9. 
C,H,CIN,O requires C, 34-5; H, 4-1; N, 32-1%). 

2-Chloro-5-methoxypyrimidine.—2,4-Dichloro-5-methoxypyrimidine (4 g.), zinc dust (8 g.), 
ethanol (20 ml.), and water (20 ml.) were boiled under reflux for 4 hr. The hot mixture was 
filtered and the ethanol was removed under reduced pressure. After cooling, the product was 
collected in ether. Recrystallisation from light petroleum (b. p. 40—60°) gave 2-chloro-5-meth- 
oxypyrimidine (1-3 g., 41%), m. p. 75—77° (Found: C, 41-7; H, 3-5. C;H;CIN,O requires C, 
41-5; H, 3-5%). 

4-H ydrazino-5-methoxypyrimidine.—4-Chloro-5-methoxypyrimidine (0-5 g.), 64% w/w 
hydrazine hydrate (2 ml.), and ethanol (10 ml.) were boiled under reflux for 4 hr., then cooled 
and the product was collected by filtration. Recrystallisation from water gave 4-hydrazino-5- 
methoxypyrimidine (0-3 g.), m. p. 184—185° (Found: C, 43-2; H, 5-7; OMe, 21-9. C;H,N,O 
requires C, 42-9; H, 5-7; OMe, 22-1%). 

Oxidation of 4-Hydrazino-5-methoxypyrimidine.—10% Copper sulphate solution (8 ml.) was 
added dropwise to the hydrazino-compound (0-3 g.) in boiling water (10 ml.). After being 
boiled for 4 hr. more the mixture was filtered, made alkaline, refiltered, and distilled. The 
distillate yielded with mercuric chloride a small amount of the 5-methoxypyrimidine adduct, 
m. p. and mixed m. p. 225—232°. 

Benzyl Benzyloxyacetate (with Dr. E. R. SAYER).—Ethyl chloroacetate (245 g.) was added 
slowly to a stirred solution of sodium (47 g.) in benzyl alcohol (800 ml.). The mixture was 
heated on the water-bath for 8 hr. and, after cooling, ether (2 1.) was added, and the solution 
filtered. The filtrate was decolorised with charcoal and distilled; the fraction (66 g., 17%), 
b. p. 140—145°/15 mm., was redistilled, giving ethyl benzyloxyacetate, b. p. 155°/21 mm. 
(lit.,4 b. p. 142°/13 mm.). The fraction, b. p. 170—172°/0-6 mm., consisted of benzyl benzyloxy- 
acetate (126 g., 25%) (Found: C, 74:8; H, 6-4. C,,H,,O, requires C, 75:0; H, 6-2%). 

5-Benzyloxy-4-hydroxy-2- -mercaptopyrimidine (with Dr. E. R. SAavER).—This was obtained in 
50% yield from benzyl benzyloxyacetate by the method described above for the corresponding 
5-methoxypyrimidine. 5-Benzyloxy-4-hydroxy-2-mercaptopyrimidine formed needles, m. p. 
230—232° (decomp.) (Found: C, 56-2; H, 4:2; N, 11-8. C,,H jgN,O,S requires C, 56-4; H, 
4-3; N, 120%). 

5-Benzyloxy-4-hydroxypyrimidine (with Dr. E. R. SAyYER).—5-Benzyloxy-4-hydroxy-2- 
mercaptopyrimidine (19 g.) and dectivated Raney nickel (45 g.) in water (150 ml.) and ammonia 
(30 ml.; d 0-88) were boiled under reflux for 2} hr. with stirring. The solution was filtered and 
the filtrate and washings were acidified to pH 5 with hydrochloric acid. The solution, con- 
centrated to 150 ml., was cooled and the solid which separated was recrystallised from water, 
giving 5-benzyloxy-4-hydroxypyrimidine monohydrate (11-0 g., 62%), m. p. 87—90° (Found: C, 
60-5; H, 5-5; N, 13-2. C,,H,gN,O,,H,O requires C, 60-0; H, 5-5; N, 12-7%). 

5-Benzyloxy-4-chloropyrimidine.—The preceding hydroxypyrimidine (0-5 g.) and phosphoryl 
chloride (4 ml.) were boiled under reflux for 20 min., then cooled and poured on ice. The yellow 
precipitate (0-32 g.) was collected in ether. A portion was sublimed at 95—100°/21 mm., giving 
the very unstable chloropyrimidine as needles, m. p. 126—128° (Found: C, 57-7; H, 4-4; N, 
13-4. C,,H,CIN,O requires C, 59-8; H, 4-1; N, 12-7%). 

5-Benzyloxy-4-mercaptopyrimidine.—(a) The above, crude chloropyrimidine (0-22 g.) was 
boiled for 45 min. with thiourea (0-08 g.) in ethanol (3 ml.). The product which separated on 
cooling was recrystallised from ethanol, giving S-(5-benzyloxy-4-pyrimidyl)thiouronium chloride 
(0-08 g.), m. p. 188—190° (decomp.) (Found: N, 18-7. C,,H,,CIN,OS requires N, 18-9%). The 
thiouronium salt (0-075 g.) was boiled in N-sodium hydroxide for $ hr. After being cooled, the 
solution was neutralised with acetic acid, and the precipitate was recrystallised from water, 

4 Rothstein, Bull. Soc. chim. France, 1932, 51, 69h. 
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giving yellow needles (0-02 g., 36%) of 5-benzyloxy-4-mercaptopyrimidine, m. p. 156—158°, 
not depressed when mixed with authentic material (see below). 

(6) A stirred mixture of 5-benzyloxy-4-hydroxypyrimidine monohydrate (3 g.), purified 
phosphorus pentasulphide (3 g.), and pyridine (50 ml.) was boiled under reflux for 1 hr., then 
cooled and poured into water (75 ml.). The mixture was evaporated to ca. 60 ml. on the 
steam-bath and then allowed to cool. The crude product was collected and recrystallised twice 
from water (charcoal), giving the mercaptopyrimidine as pale yellow needles, m. p. 157—159° 
(Found: C, 60-2; H, 4:8; N, 12-7. C,,H,)N,OS requires C, 60-5; H, 4:6; N, 128%). The 
yield varied from 0 to 32%. 
 §-Benzyloxypyrimidine.—5-Benzyloxy-4-mercaptopyrimidine (0-5 g.) was boiled for 70 min. 
in ethanol (25 ml.) with Raney nickel (3 g.) which had been saturated with hydrogen at room 
temperature and pressure. After being filtered, the solution was distilled, giving 5-benzyloxy- 
pyrimidine as an oil (0-18 g.) (Found: C, 70-7; H, 5-4; N, 14:7. C,,H,)N,O requires C, 71-0; 
H, 5-4; N, 15-1%). The picrate, recrystallised from ethanol, formed yellow prisms, m. p. 125— 
127° (Found: C, 49-5; H, 3-4; N, 16-9. C,,H,gN,O,C,H;N,O, requires C, 49-2; H, 3-1; N, 
16:9%). 

4-Hydroxy-5-methoxy-2-phenylpyrimidine.—Benzamidine hydrochloride (40 g.) in ethanol 
(200 ml.) was added to methyl sodio-8-hydroxy-a«-methoxyacrylate (prepared from 40 g. of 
methyl methoxyacetate as described above for 4-hydroxy-2-mercapto-5-methoxypyrimidine), 
then sodium (5 g.) in ethanol (50 ml.) was added. The stirred mixture was boiled for 4} hr., 
then poured into water (200 ml.) and acidified with hydrochloric acid. After being concentrated 
to half its volume the solution was adjusted to pH 5 and the resulting precipitate was collected. 
It was recrystallised from ethanol—aqueous ammonia (charcoal), giving the phenylpyrimidine 
(31 g., 60%) as needles, m. p. 206—-208° (Found: C, 65-1; H, 4-9. C,,H,)»N,O, requires C, 
65:4; H, 4:95%). 

4-Mercapto-5-methoxy-2-phenylpyrimidine.—A stirred mixture of 4-hydroxy-5-methoxy-2- 
phenylpyrimidine (20-8 g.), phosphorus pentasulphide (23 g.), and pyridine (340 ml.) was boiled 
under reflux for 70 min., then poured, while hot, into water (400 ml.). The resulting solution, 
after being concentrated to ca. 200 ml., deposited the mercaptopyrimidine (12-5 g., 56%) as 
yellow needles, m. p. 193—196° (decomp.). A sample was recrystallised from benzene then 
sublimed under reduced pressure, the m. p. rising to 198—199° (decomp.) (Found: N, 12-7. 
C,,H,,ON,S requires N, 12-85%). 

5-Methoxy-2-phenylpyrimidine.—A suspension of 4-mercapto-5-methoxy-2-phenylpyrimidine 
(12-5 g.) in hot benzene (200 ml.) was added to Raney nickel sludge (85 g.) in ethanol (300 ml.), 
and the mixture boiled under reflux for 3 hr. The hot solution was filtered and concentrated to 
ca. 20 ml., thereby yielding 5-methoxy-2-phenylpyrimidine (5 g., 47%) as plates, m. p. 55—58° 
raised to 57—58° on sublimation under reduced pressure (Found: C, 71-7; H, 5-3; N, 14-7. 
C,,HypN,O requires C, 71-0; H, 5-4; N, 15-05%), Amax. 2630 A (ec 24,210 in EtOH). 

5-Hydroxy-2-phenylpyrimidine.—A mixture of 5-methoxy-2-phenylpyrimidine (0-5 g.) and 
potassium hydroxide (1 g.) in ethylene glycol (10 ml.) was boiled gently under reflux for 10 hr. 
The cooled solution was added to water (10 ml.) and acidified with glacial acetic acid, then 
extracted six times with ether, thereby yielding 5-hydroxy-2-phenylpyrimidine as needles which 
were collected and washed with a little cold water, then dried and sublimed. The product 
(yield 0-28 g., 61%) had m. p. 148—151° and Ayax, 2630 A (e 22,080 in EtOH) (Found: C, 69-5; 
H, 4:5; N, 16-1. C,,H,N,O requires C, 69-8; H, 4-7; N, 16-3%); it gave an orange-red colour 
with aqueous ferric chloride. 

5-H ydroxy-2-mercapto-4,6-dimethylpyrimidine.—3-Acetoxypentane-2,4-dione } (1-6 g.), thio- 
urea (0-7 g.), concentrated hydrochloric acid (1 ml.), and ethanol (20 ml.) were boiled for 5 hr., 
then the mixture was evaporated to about 5 ml. and cooled, giving yellow needles (0-83 g., 47% 
of the hydrochloride of 5-hydroxy-2-mercapto-4,6-dimethylpyrimidine. This compound, dis- 
solved in the minimum volume of water, was neutralised with sodium hydrogen carbonate, 
giving the free hydvoxypyrimidine as yellow needles, m. p. >230° (decomp.) (Found: C, 46-1; 
H, 5-4; N, 18-0. C,H,N,OS requires C, 46-1; H, 5-1; N, 17-9%). The compound gave a 
transient dark colour with aqueous ferric chloride. 

5-Hydroxy-4,6-dimethylpyrimidine.—Raney nickel sludge (2 g.) was added to the preceding 
compound (0-5 g.) in hot water (15 ml.), and the mixture was boiled for 40 min., then cooled, 
filtered, and extracted with ether. The crude product was sublimed at 100—110°/12 mm., 

18 Cavill and Solomon, J., 1955, 4426. 
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giving 5-hydroxy-4,6-dimethylpyrimidine as very hygroscopic needles (0-1 g., 25%), m. p. 138— 
139° (Found: C, 58-3; H, 6-9; N, 23-0. C,H,N,O requires C, 58-1; H, 6-5; N, 22-6%). The - 
mercuric chloride adduct, recrystallised from water, formed needles, m. p. 192° (decomp.) [Found: 
C, 27-4; H, 3-0; N, 10-6. (C,H,N,O),,HgCl, requires C, 27-7; H, 3-1; N, 10-8%]. 

2,5-Dihydroxy-4,6-dimethylpyrimidine.—3-Acetoxypentane-2,4-dione (1-6 g.), urea (0-6 g,), 
concentrated hydrochloric acid (2-5 ml.), and ethanol (15 ml.) were boiled for 2 hr., then con- 
centrated to ca. 5 ml. and cooled, giving 2,5-dihydroxy-4,6-dimethylpyrimidine hydrochloride 
(0-5 g., 28%). Neutralisation of a solution of the hydrochloride gave the free dihydroxy- 
pyrimidine which, on recrystallisation from water, formed needles, m. p. >300° (Found: C, 
51-6; H, 5-9; N, 19-7. Calc. for C,H,N,O,: C, 51-4; H, 5-7; N, 20-0%). An aqueous solution 
of the compound gave an intense violet-red colour with ferric chloride. 


Tue UNIveRsiItTy, BRISTOL. [Received, May 30th, 1960.) 


889. Photochemical Transformations. Part IX.* The 
Stereochemistry of Lumisantonin.' 


By D. H. R. Barton and P. T. GILHAM. 


The stereochemistry of lumisantonin has been evaluated at every centre 
of asymmetry. The cyclopropane ring is fused cis to its attached five- and 
six-membered rings. The photochemical rearrangement of santonin that 
affords lumisantonin is stereospecific, involving an inversion of configuration 
at the angular methyl group. Its course is comparable with that of two other 
examples of bond-crossing photochemical rearrangements. 


IRRADIATION of santonin (I) in neutral solution affords ®*-4 the isomeric lumisantonin with 
the constitution ** depicted in (II). The purpose of the present communication is to show 
that formula (II) also represents the correct stereochemistry of lumisantonin. 

The centres of asymmetry at position 6, 7, and 11 are not altered in the photoisomeris- 
ation. First, these centres do not have bonds attached which would permit the absorption 
of ultraviolet light of the type needed for the reaction. Secondly, all four possible 
santonins epimeric at Ci) and C,,,) have been irradiated and shown to furnish four different 
transformation products,® a fact best explained if Cy), C;.), and C,,,) are not altered in any 
way on irradiation. 

That the relation between the 3,4- and 1,5-bonds in (II) is cts has already been proved. 
Thus the dicarboxylic acid obtained by opening ring A of (II) gives spontaneously the 
anhydride (IV). This would not, of course, be possible if the two carboxyl groups of the 
acid were attached in the ¢rans-manner to the cyclopropane ring. 

The configuration of the methyl group attached to Cg») in (II) was determined as 
follows. Dihydrolumisantoninic acid * (III) was oxidised with chromic acid to the diketo- 
acid (VI). This showed an interesting ultraviolet absorption spectrum * with Ajax, 220 my 


ee 
(ec 5900). By analogy with the ready reduction of the system ~—CO-C=C-CO- to 


* Part VIII, J., 1960, 1900. 

* Recently Kosower ® suggested that the absorption spectrum recorded by us ‘ for dihydrolumi- 
santonin [Amax. 214 mp (¢ 4600)] was probably in error. We supplied Dr. Kosower with a specimen of 
dihydrolumisantonin for which he found (in EtOH) Amax. 211 mp (¢ 4000) using the Cary model 14 spectro- 
meter. Having regard to differences in instrumentation these results are identical. In a letter dated 
June 5th, 1959, Dr. Kosower kindly records the opinion that “‘ substitution on the cyclopropane (of a 
cyclopropyl ketone) has a marked effect on the maximum.” We thank Dr. Kosower for his collaboration 
in settling this point. 

1 For a preliminary communication see Barton and Gilham, Proc. Chem. Soc., 1959, 391. 

2 Cocker, Crowley, Edward, McMurry, and Stuart, J., 1957, 3416. 

* Arigoni, Bosshard, Bruderer, Biichi, Jeger, and Krebaum, Helv. Chim. Acta, 1957, 40, 1732. 

* Barton, de Mayo, and Shafiq, Proc. Chem. Soc., 1957, 205; J., 1958, 140. 

5 Barton, Proc. Chem. Soc., 1958, 61; Helv. Chim. Acta, 1959, 42, 2604. 

® Kosower, J. Amer. Chem. Soc., 1958, 80, 3261. + 
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be. of 
-CO-CH-CH-CO- by dissolving metals we predicted that there would exist a cyclo- 
propylogous reaction of the type 
hat —> lat Gtco- 





int 


which could be applied to the diketo-acid (VI) (see arrows). In the event, reduction of 
the acid (VI) with a zinc—copper couple in acetic acid proceeded smoothly at steam-bath 
temperature to furnish the diketo-acid (V). The infrared spectrum of this acid indicated 
the presence of two cyclohexanone carbonyl groups. Reduction with borohydride gave a 
dihydroxy-acid which lactonised spontaneously. Oxidation with chromic acid then 
afforded the keto-lactone (VII). The stereochemistry of the ring junction in this keto- 
lactone was established by comparing its rotatory dispersion curve,’ which showed a single 
Cotton effect with a trough ® at 310 my ({M] —2400°), with that ® of friedelin © (X) to 
which it is analogous. The dispersion curve also corresponded, but with inversion of sign, 






(VIL) 
° 





“OAc 
(XI) amy § (XID) H 


to the mirror-image type chromophore ® of «-tetrahydrosantonin (XI). The configuration 
of the keto-lactone (VII) at position 4 is regarded as equatorial («) because this lactone was 
stable to digestion with alkali. If we assume that reduction of the diketo-acid (V) with 
borohydride and subsequent manipulations have not inverted the configuration at 

? Djerassi, ‘‘ Optical Rotatory Dispersion,’’ McGraw-Hill Book Co. Inc., New York, 1960. 

8 Djerassi and Klyne, Proc. Chem. Soc., 1957, 55. 

® Djerassi, Riniker, and Riniker, /. Amer. Chem. Soc., 1956, 79, 6362. 

1 Brownlie, Spring, Stevenson, and Strachan, J., 1956, 2419; Corey and Ursprung, J. Amer. Chem. 
Soc., 1956, 78, 5041. 
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position 4, then this compound must also be formulated as already indicated in (V) with 
a 4a-methyl group. 

Treatment of the diketo-acid (V) with N-sodium hydroxide on the steam-bath gave a 
non-crystalline isomer (VIII). Reduction with borohydride gave a dihydroxy-acid which 
spontaneously lactonised. Without isolation this was oxidised with chromic acid to a 
new keto-lactone (IX). This showed a rotatory dispersion curve which had a single Cotton 
effect with a trough at 310 mp ([M] —3800°) very similar to that recorded above for the 
isomer (VII). These results are most simply interpreted in the following way. Since the 
diketo-acid has already the more stable ¢rans-decalin ring fusion and, almost certainly, an 
equatorial 4-methyl group, the only configuration that can be inverted by the mild treat- 
ment with alkali must be that at position 7. This, in fact, is the expected behaviour based 
on a stereochemistry for lumisantonin shown in (II). Thus the hydroxyl group and 
propionic side chain of (III) must, because of the ring fusion, both be axial. This is 
also in agreement with the fact that lumisantoninic acid and its dihydro-derivative do not 
lactonise except under forcing conditions. 

The configurations at position 6 in the two keto-lactones (VII) and (IX) are regarded 
as 6 and « respectively, because of the changes in rotation ™ that they show on opening of 
the lactone ring in alkali (see p. 4599). The lactone rings in both these compounds are 
formed spontaneously from the parent hydroxy-acids. Since the propionic acid side chain 
of (VII) is 6 (axial) (see above) spontaneous lactonisation is, in any case, only possible if 
the configuration is 8 at position 6 (cis-lactone formation). 

The configuration at position 4 in lumisantonin was determined in the following way. 
In our earlier work * we showed that lumisantonin, on treatment with hydrogen bromide 
under carefully defined conditions, gave the doubly unsaturated keto-lactone (XII). In 
this compound the configuration of lumisantonin at position 4 is preserved. The rotatory 
disperion curve of the compound (XII) showed a single Cotton effect with a trough near 
330 my ({(M] —5700°) of enantiomeric type to that of a comparable model steroid (XIII).” 
The latter had a single Cotton effect with a peak near 330 my ({M] +4800°). The con- 
figuration at position 4 in lumisantonin must therefore be opposite to that at position 13 in 
(XIII), as already written into formula (II). 

The stereochemistry of lumisantonin at every centre of asymmetry is thus defined. The 
fusion of the five- and six-membered rings to the cyclopropane ring is cis in both cases. 
This is not unexpected since no case of trans-fusion, which would be very strained, is, as 
yet, known for either a cyclopropane or a 1,2-epoxide. The irradiation process which 
converts santonin into lumisantonin is stereospecific and the crossing of bonds leads to an 
inversion of configuration of the angular 10-methyl group. 

This is the same result as has already been demonstrated # in the formation of photo- 
dehydro-ergosterol and -lumisterol. Such stereospecificity may be characteristic of bond- 
crossing photochemical rearrangements. 


EXPERIMENTAL 

M. p.s were taken on the Kofler block. Unless specified to the contrary, {«),, refer to CHCl, 
ultraviolet absorption spectra to EtOH, and infrared absorption spectra to CHCl, solutions. 
Light petroleum refers to the fraction of b. p. 60—80°. The rotatory dispersion curves were 
determined for MeOH solutions. 

Chromic Acid Oxidation of Dihydrolumisantoninic Acid.—Dihydrolumisantoninic acid 2 (615 
mg.) in “‘ AnalaR ”’ acetic acid (5 ml.) was treated overnight with chromium trioxide (166 mg.). 
The mixture was poured into water and extracted with chloroform. Removal of the solvent 


1 Klyne, Chem. and Ind., 1954, 1198; see also Novotny, Herout, and Sorm, Coll. Czech. Chem. 
Comm., 1960, 25, 1500. 

#2 St. Andre, MacPhillamy, Nelson, Shabica, and Scholz, J. Amer. Chem. Soc., 1952, 74, 5506; 
Sondheimer and Burstein, Proc. Chem. Soc., 1959, 228. 

43 Barton and Kende, /J., 1958, 688; Barton, Bernasconi, and Klein, /., 1960, 511. 
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gave the diketo-acid (V1). Recrystallised from benzene this (440 mg.) had m. p. 190—192°, 
(a, —91° (c 3-90), Amax. 220 (¢ 5900) and 292 my (¢ 190), Vmax, 1680 and 1710 cm. (in Nujol) 
(Found: C, 68-5; H, 7-5. C,;H» O, requires C, 68:15; H, 765%). 

Reduction of the Diketo-Acid (V1).—The diketo-acid (VI) (820 mg.) in acetic acid (20 ml.) was 
heated on the steam-bath with stirring with zinc—copper couple (10 g.; moistened with ethanol) 
for 6 hr. (disappearance of band at 220 my). The couple was prepared by shaking zinc dust 
(100 g.) with 1% aqueous copper sulphate (200 ml.), followed by washing with water and then 
ethanol. Crystallisation of the product from light petroleum furnished the diketo-acid (V) 
(413 mg.), m. p. 110—113°, [a], +5° (c 2-50), vmx, 1710 cm.? (Found: C, 67-9; H, 8-45. 
C,;H..O, requires C, 67-65; H, 8-35%). 

Formation of the Keto-lactone (V11).—The diketo-acid (V) (80 mg.) in water (2 ml.) contain- 
ing potassium borohydride (200 mg.) was left overnight at room temperature. Acidification 
with 2n-hydrochloric acid and extraction into chloroform gave a product (68 mg.), Vmax, 1770 
and 3550 cm.!, which was dissolved in ‘‘ AnalaR ”’ acetic acid (2 ml.) and treated overnight at 
room temperature with chromium trioxide (25 mg.). Dilution with water, extraction into 
chloroform, and crystallisation from light petroleum afforded the keto-lactone (VII) (45 mg.), 
m. p. 130°, [a], —53° (¢ 1-9), vmax. 1710 and 1770 cm. (Found: C, 71-9; H, 8-95. C,;H,.O, 
requires C, 71-95; H, 8-85%). 

In 1: 1 water—dioxan this keto-lactone had [M],, —140° (c 1-1) and in the same solvent 
mixture made N with sodium hydroxide it showed [M],, + 26° (c 1-3). 

The keto-lactone (VII) (36 mg.) in aqueous N-sodium hydroxide (4 ml.) was heated under 
nitrogen on a steam-bath for lhr. Acidification with hydrochloric acid, extraction into chloro- 
form, and crystallisation from light petroleum gave back unchanged keto-lactone (27 mg.), 
identified by m. p. and mixed m. p. 

Formation of the Keto-Lactone (IX).—The diketo-acid (V) (65 mg.) in aqueous N-sodium 
hydroxide (4 ml.) was heated under nitrogen on a steam-bath for 1 hr. Acidification as above 
and extraction into chloroform gave a product (60 mg.) which did not crystallise. It was 
treated overnight with potassium borohydride (150 mg.) in water (2 ml.). Acidification and 
extraction as above gave material (50 mg.) which was taken up in “‘ AnalaR’”’ acetic acid 
(2 ml.) and oxidised overnight with chromium trioxide (20 mg.). Dilution with water ana 
extraction into chloroform gave the keto-lactone (IX) which was chromatographed over silica gel 
in benzene. Recrystallised from light petroleum this lactone (15 mg.) had m. p. 166°, [a], +5° 
(c 2-0), Vmax. 1710 and 1770 cm. (Found: C, 72-05; H, 9-05. C,;H,.O, requires C, 71-95; H, 
885%). 

In 1: 1 water—dioxan it showed [M],, + 34° (c 1-8) and in the same solvent mixture adjusted 
to N with sodium hydroxide [M],, — 130° (c 2-1). Acidification of the latter solution gave back 
unchanged keto-lactone (IX) (m. p. and mixed m. p.). 


We thank the Government Grants Committee of the Royal Society and [Imperial Chemical 
Industries Limited for financial assistance. One of us (P. T. G.) acknowledges with gratitude 
the award ofan I.C.1. Research Fellowship by the University of London. We thank Professor W. 
Klyne (Postgraduate Medical School) for his kindness in measuring the rotatory dispersion 
curves and for comments thereon. We are indebted to Dr. F. Sondheimer (Weizmann 
Institute) for a specimen of the ketone (XIII). 


IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY, 
S. KENSINGTON, LONDON, S.W.7. [Received, June 1st, 1960.) 
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890. Addition Reactions of Heterocyclic Compounds. Part VI.* The 
Hydrolysis of Tetramethyl 4H-Quinolizine-1,2,3,4-tetracarboxylate to 
Indolizines. 

By R. M. AcHEson and G. A. TAYLOR. 


The hydrolysis of tetramethyl 4H-quinolizine-1,2,3,4-tetracarboxylate by 
formic acid, phenol, or potassium hydroxide is shown to yield indolizines. 


PyRIDINE and methyl acetylenedicarboxylate are known to give trimethyl] indolizine-1,2,3- 
tricarboxylate! and tetramethyl 4H-quinolizine-1,2,3,4-tetracarboxylate.* Diels and 
Alder found that the last compound (I), which at the time was thought to be the isomeric 
9aH-quinolizine, on reaction with formic acid * or phenol * gave a trimethyl ester and a 
dimethyl ester of a tricarboxylic acid, for which structures (II) and (III) were suggested.5 
Further hydrolysis of either compound produced a monomethy] ester (IV), and saponific- 
ation of any of these compounds (I—IV), with potassium hydroxide gave a dicarboxylic 


CO,Me H 


(II) R= R’ = R” = CO,Me 
ft CO,Me at ax, a RUR! (III) R= R’ = CO,Me, R” = CO,H 
ms (IV) R = CO,Me, R’ = R” = CO,H 
WN Ome WN A (V) R, R’, R” = H, CO,H, CO,H 
H’ ‘CO,Me (VI) R, R’, R” = H, CO.Me, CO,H 


(1) 


acid to which structure (V) was assigned. Partial decarboxylation of the monomethyl 
ester (IV) produced a monomethyl ester of a dicarboxylic acid * which was thought to be 
(VI). Decarboxylation of the acid (V), followed by hydrogenation, gave a mixture of 
octahydroindolizine and its 3-methyl derivative,> which was earlier thought to have been 
octahydroquinolizine.* When these two reactions on the acid (V) were carried out 
in the reverse order, only octahydro-3-methylindolizine was obtained.5 The quinolizine 
structures for all the hydrolysis products could therefore be questioned and it was of 
interest to discover at what stage the ring contraction took place. 


ey pce (VID R=R’ = R” =CO,Me (X) R, R’, R” = H, CO,H, CO,Me 
N - R,R,R (WII) R = R’ = CO,.Me, R” = CO,H (XI) R, R’, R” = H, CO,H, CO,H 
S CHa" (IX) R = CO,Me, R’ = R” = CO,H 


The hydrolysis products were all prepared as described by Diels and his co-workers, 
and their ultraviolet absorption spectra were measured. All the spectra closely resembled 
those of trimethyl indolizine-1,2,3-tricarboxylate ! and other indolizines,’ and differed 
markedly from that of the parent (I) and other 4H- and 9aH-quinolizines.2 Conversion of 
the quinolizine into the indolizine system therefore occurs in the initial reaction with 
formic acid, potassium hydroxide, or phenol. Oxidation of the trimethyl ester with 
peracetic acid gave picolinic acid N-oxide indicating that ring A of the original quinolizine 
is intact in the indolizine. In view of the degradation of the trimethyl ester to octahydro-3- 
methylindolizine, this ester must have structure (VII), and the other hydrolysis products 
structures (VIII)—(X]). 

On hydrogenation both the triester (VII) and the diacid (XI) give tetrahydro-deriv- 
atives whose ultraviolet absorption is of the pyrrole type, suggesting that the six-membered 
rings have been reduced. 


Part V, J., 1960, 2138. 

Wiley and Knabeschuh, J. Org. Chem., 1953, 18, 836. 
Acheson and Taylor, J., 1960, 1691. 

Diels and Alder, Annalen, 1932, 498, 16. 

Diels and Alder, Annalen, 1933, 505, 103. 

Diels and Schrumm, Annalen, 1937, 580, 68. 

Diels and Alder, Annalen, 1934, 510, 87. 

Boekelheide and Feely, J. Org. Chem., 1957, 22, 589. 
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In the dicarboxylic acid (XI) it is likely that one carboxyl group is present at position 2, 
as indolizine-2-carboxylic acid is obtained by partial decarboxylation of the 1,2,3-tri- 
carboxylic acid. The dicarboxylic acid (XI) gave no acetic acid in the Kuhn—Roth 
determination but a small amount was given by the tetrahydro-derivative. Although the 
quantity is much less than that required of one C-methyl group it is sufficient to suggest 
that the acid (XI) may be 3-methylindolizine-1,2-dicarboxylic acid rather than 2-carboxyin- 
dolizin-3-ylacetic acid. 


Me Me 
MeO,C * 4 MeO,C R = CO,Me 
MeO,C 7 MeO,C(7 Y= «i 
cO,M 
MeO2.C LP mMeo,c\ NA RQ NZ? 
MeO2C MeO,C cO,Me 
(XH) (XII) (XIV) 


Diels e¢ al.8 have shown that dimethyl acetylenedicarboxylate and 1,2-dimethylimid- 
azole yield a bright red adduct for which they proposed structure (XII) on the basis of a 
degradation to 2-methylpyridine. This structure is in agreement with the infrared (5— 
7 w region) and ultraviolet absorption of the adduct (see Table). These are similar to 
those of tetramethyl 9-methyl-9aH-quinolizine-1,2,3,4-tetracarboxylate and its 7-methyl 
derivative which possess a similar chromophoric system. The nuclear magnetic resonance 
of the compound (XII) showed a more complex band in the ester-methyl region than was 


Absorption spectra of the indolizines. 


Compound Solvent Amax. (A) (10-e in parentheses) 
SE | cuitecendecssewvedtsdede M 3455 (0-81), 3055 (0-85), 2925 (0-61), 2435 (2-63), 2165 (2-18) 
SED bs hb dine Sacthdbccente M 3700 (0-78), 3515 (1-13), 3365 (0-91), 3090 (0-64), 2970 (0-47), 2480 


(2-47), 2250 (1-91) 
B 3460 (0-81), 3375 * (0-78), 3100 (0-88), 2690 (0-79), 2605 (0-85), 2325 


(2-97) 

RS ee ae es M 3425 (0-94), 3095 (0-68), 2300 (2-4) 

B 3445 (0-98), 3120 (0-85), 2690 (0-66), 2605 (0-73), 2325 (2-8) 
| err rere Tare M 3465 (0-97), 3140 (0-75), 2700 (0-64), 2625 (0-67), 2300 (2-58) 

B 3465 (0-97), 3130 (0-66), 2700 (0-64), 2625 (0-67), 2265 (2-8) 
Si aribtedhsatsoxcscusetbonsie’ W 3545 (0-24), 3015 (0-27), 2935 * (0-21), 2370 (3-75) 

A 3545 (0-22), 2995 (0-29), 2870 (0-29), 2360 (3-85) 
(XIV) R = R’ = H ...... M 3225 (1-60), 2730 (1-44), 2640 (1-08), 2350 (2-66) 
(XIV) R = Me, R’ = H M 3345 (1-37), 3210 (1-42), 2735 (0-92), 2655 (0-80), 2420 (2-85) 
(AIV) R= R’= Me .... M 3370 (1-48), 3240 (1-57), 2745 (0-97), 2645 (0-97), 2455 (3-47) 
BEET casvkratenccenssahcenens M 4550 (0-50), 2930 (1-55), 2175 (1-1) 
SEEMED Sith sintuincnsscotengeunye M 4155 (0-23), 3155 (0-34), 2730 (3-21), 2450 (1-61) 
Tetrahydro- (VII) ......... M 2680 (0-94) 
Tetrahydro- (XI) ......... M 2640 (1-66) 

* Inflexion. + Impure. 


A = aq. NaOH; B = MeOH-NaOH; M = MeOH; W = H,O. 


expected, with six resolved peaks of widely differing intensity compatible with eight 
resonance bands of approximately equal intensity. This complexity may be due to the 
inversion of the nitrogen atom bearing the methyl group, as steric hindrance between the 
two adjacent methyl groups will be considerable when they are cis with respect to the 
5-membered ring and negligible in the trans-position. The adduct (XII) is converted very 
rapidly into the indolizine (XIII) by acid. The structure of the indolizine is consistent 
with its ultraviolet absorption spectrum and with its nuclear magnetic resonance spectrum 
which has been discussed earlier.” 


EXPERIMENTAL 
Methyl 1,2-Dimethoxycarbonylindolizin-3-ylacetate (VII) and its Hydrolysis Products.—Tetra- 
methyl 4H-quinolizine-1,2,3,4-tetracarboxylate (I) was heated with phenol; * the product, on 
8 Diels, Alder, Winkler, and Peterson, Annalen, 1932, 498, 1. 
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crystallisation from ethyl acetate-light petroleum and then aqueous methanol, gave the 
indolizine ester (VII) as needles, m. p. 68° (Found: C, 58-6; H, 4-9; N, 4:2. Calc. for 
C,;H,,NO,: C, 59-0; H, 4-9; N, 4.6%). Heating the same quinolizine (I) with formic acid 
gave ® the indolizine dimethyl ester (VIII) as needles (from methanol), m. p. 200° (Found: C, 
57-6; H, 4-6; N, 4:8; OMe, 21-5. Calc. for C,,H,,;NO,: C, 57:7; H, 4:5; N, 4:8; 20Me, 
21-3%), and the monomethy] ester (IX), m. p. 236—237°. 

Partial decarboxylation of this monomethyl] ester (IX) gave another monomethy] ester (X) 
which separated from aqueous acetic acid in grey needles, m. p. 202—204° (decomp.) (Found: 
C, 61-7; H, 46; N, 6-0; OMe, 13-2. Calc. for C,,H,,NO,: C, 61-8; H, 4:7; N, 6-0; OMe, 
13-3%). 

Saponification * of the 4H-quinolizine (I) with potassium hydroxide gave the indolizinedi- 
carboxylic acid (XI) which separated from ethyl acetate in grey needles, m. p. 218—220° 
(decomp.) (Found: C, 60-2; H, 4:3; N, 6-6; C-Me, 0-0. Calc for C,,H,NO,: C, 60-3; H, 4-1; 
N, 64%). 

Oxidation of the Triester (V11).—The trimethyl ester (VII) in acetic acid (40 ml.) containing 
80% hydrogen peroxide (20 ml.) was heated at 100° for 5 hr. Similar further amounts of 
acetic acid and hydrogen peroxide were added and the heating was continued for a further 
5hr. Evaporation gave an oil, which with water (5 ml.) crystallised to a colourless solid, m. p. 
157—158° alone or mixed with pyridine-2-carboxylic acid N-oxide. 

Methyl 5,6,7,8-Tetrahydro-1,2-dimethoxycarbonylindolizin-3-ylacetate—Methyl 1,2-dimeth- 
oxycarbonylindolizin-3-ylacetate (VII) (2-0 g.) was shaken with Raney nickel under hydrogen 
at 20°/2 atm. until absorption ceased. Filtration followed by distillation at 0-004 mm. (bath- 
temp. 135—140°) gave the tetrahydroindolizine ester as a wax, m. p. 71° (Found: C, 58-3; H, 
6-2; N, 46; C-Me, 0-0. C,,;H,,NO, requires C, 58-3; H, 6-2; N, 45%). 

Tetrahydro-derivative of the Dicarboxylic Acid (X1).—The dicarboxylic acid (IX) (1-86 g.) in 
methanol (51 ml.) was hydrogenated at 110—120°/150 atm. for 5 hr. over palladium—charcoal. 
No reaction took place under similar conditions with Raney nickel. Filtration and evaporation 
gave a yellow oil, which was extracted with aqueous sodium hydroxide. After being shaken 
with ether the aqueous layer was acidified and the precipitate (0-47 g.) collected. Several 
recrystallisations from nitromethane and then aqueous ethanol, gave the tetrahydro-derivative 
as colourless needles, m. p. 207—208° (decomp.) (Found: C, 59-2; H, 6-0; N, 6-4; C-Me, 
0-96, 1-24. Calc. for C,,H,,;NO,: C, 59-2; H, 5-8; N, 6-3; 1C-Me 6-7%). 

The 1,2-Dimethylimidazole—Dimethyl Acetylenedicarboxylate Adduct (XII).—This was pre- 
pared as described * and separated from methanol in red needles, m. p. 166—167° (decomp.) 
(Found: C, 53-4; H, 5-3; N, 7-4; OMe, 32-6. Calc. for C,,H,)N,O,: C, 53-7; H, 5-3; N, 7-4; 
OMe, 32-6%), Vmax. (in CHCI,) 5-76 and 6-96 p. 

Tetramethyl Indolizine-5,6,7,8-tetracarboxylate (X1II).—Rearrangement of the adduct (XII) 
in glacial acetic acid § gave this ester which separated from aqueous methanol in orange needles, 
m. p. 140° (Found: C, 55-0; H, 4-2; N, 4:3; OMe, 35-6. Calc. for C,,H,;NO,: C, 55-0; H, 
4-3; N, 4-0; 40Me, 355%). 

Thanks are offered to Mr. P. Higham for the nuclear magnetic resonance data and their 
interpretation, Mr. A. O. Plunkett for technical assistance, the Department of Scientific and 


Industrial Research for a studentship (to G. A. T.), and the National Institute of Health, U.S. 
Public Health Service, for some support. 
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891. The Reaction of the Benzenediazonium Ion with Certain 
Anions in Aqueous Acid Solution. 


By H. F. HALLIWELL and S. C. NyBure. 


The reaction of the benzenediazonium ion with a number of univalent 
anions in aqueous acid solution is discussed. A correlation exists between 
the type of behaviour displayed (phenol or phenyl halide formation, or the 
precipitation of diazonium salts) and the anionic radius. 


THE classification of arenediazonium salt reactions in acid solution (in which attention 
can justifiably be restricted to the diazonium cation) is usually based solely on the type of 
product obtained.’ Little attention has been paid to the importance of the precipitation 
of unstable intermediates as a factor governing the products. That this occurs when it is 
not suspected because of the deep colour of the reaction mixture and the vigorous 
effervescence, is shown by the recent work of Carey, Jones, and Millar.2 They found that 
unstable diazonium tri-iodides are precipitated when cold solutions of diazotized aniline 
and other aromatic primary amines containing a slight excess of nitrous acid, are added to 
solutions of potassium iodide. It has also been observed * that in the presence of urea 
(which would prevent the oxidation of iodide to tri-iodide) the formation of aryl iodide 
from the arenediazonium cation in potassium iodide solution is extremely slow. : 
With certain reservations discussed below, it appears that the formation of a precipitate 
is crucial to the type of product obtained because in such cases the diazonium ion is removed 
from the influence of the water. Thus Millar ? has found that although o-toluenediazonium 
iodide can be precipitated, yet if redissolved in water and boiled it gives 99% of o-cresol. 
The various products can therefore arise from the following alternative reactions: 


(1) X~- = Dil. F-, Cr, Be-, I- ; =r - 
| > { Slow reaction in solution with H,O } ArOH + Ny + HX(eq) 
(2) X- = Conc. Cl-, Br- l y ArX +N 
> { Slow reaction in solution with X~(aq) J ArX + N 


2 
{ (4) Decomp. to 


(3) X- = BF,, ClO,;, I,-, ICl,- and many — ArX + N 
ArX + N, 





ArN,*(aq) _| complex ions, especially those of Cu(1) Asw +¥- 
+ X~(aq) halides. Rapid formation of an ionic —»> ArN,*X 
(6) oN N,- ee (5) Stable 
Separation of a covalent diazo-com- 


pound 
(Not considered here) 


Much controversy ‘ has centred round the mechanism by which unstable intermediates 
decompose. The treatment here, however, is concerned only with the factors which 
predispose the system towards unstable intermediates: it cannot distinguish between 
alternative mechanisms by which they decompose. 

(1) Thermodynamics of the Formation of Phenol and of Phenyl Halides.—Table 1, con- 
structed from values of AG°gg(f) given in Table 5, suggests that from benzenediazonium 
and halide ions in dilute solution the thermodynamically stable products are phenol and 
nitrogen. In fact, actual values of AG, , (hydrolysis) depend on concentrations, 
particularly on those of the hydrogen ion and of the halide ion. However, only for con- 
centrated hydrochloric, hydrobromic, and hydriodic acids can the concentrations and the 
activity coefficients be sufficiently high for AGgg, (hydrolysis) to become zero or positive. 
(Concentrated HCl, ~1lm, y, ~ 13-5, and AGgg. (hydrolysis) ~0; concentrated KI, 
~7-5m, y, ~ 0-9, and AG. (hydrolysis) ~ —1-‘5 kcal. mole+.] These values of AG 

1 Saunders, ‘‘ The Aromatic Diazo Compounds and their Technical Application,” Arnold, London, 
2nd edn., 1949; Cowdrey and Davies, Quart. Rev., 1952, 6, 358. 

2 Carey, Jones, and Millar, Chem. and Ind., 1959, 1018; Carey and Millar, ibid., 1960, 97. 

3’ Carey and Millar, unpublished results; cf. Hickinbottom, ‘‘ Reactions of Organic Compounds,” 


Longmans Green, London, 3rd edn., 1957, p. 488. 
4 Cowdrey and Davies, ref. 1, p. 370. 
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(hydrolysis) show that the resistance of phenyl halides to hydrolysis in an acid solution 
must be governed by kinetic factors. It follows that the relative amounts of phenol and of 
phenyl halide formed from diazonium salts are not governed by equilibrium considerations, 


TABLE 1. 
| Reactants PhN,*(aq) + X-(aq) + H,O(l) 
Products PhOH(l) + H*(aq) + X~(aq) + N,(g) PhX(l) + N,(g) + H,O()) 
| jee ES ~ 
X=F A = Cl X = Br X = | 
AG° x9, (kcal. — 62-5 — 62-3 — 56-5 — 54-4 58-7 
mole) (— 66-9 if X = F and if HF is considered 
undissociated) 
Royarot. (Ph X) | 28x 10°* 2-5 x 10 8-7 x 10° 7-2 x 10% 


* HF considered undissociated. 
The reason why phenol is always formed in large excess from diazonium salt solutions is 
that it is formed faster than phenyl halides. This might be thought due purely to the 
large excess of water present. However, it is known that in most cases neither the rate of 
formation nor the yield of a halogenobenzene is significantly changed by increasing the 
concentration of halide salts 5 (mean ionic activity coefficients do not exceed 1-0 in contrast 
to the concentrated solutions of the hydrogen halides cited above). This is not to be 
expected if the halide ion and water are competing only on a concentration basis. 

We believe the underlying reason for the preferential formation of phenol under these 
conditions to be as follows. Whatever the mechanisms of ‘the alternative reactions, it is 
clear that one of the steps must involve the reaction between_a hydrated benzenediazonium 
ion and either a hydrated anion or a hydrated, i.e., hydrogen-bonded, water molecule. 
Both cases would involve breaking bonds of hydration, and it is to be expected that the 
preferential formation of phenol from aqueous solutions will be inversely correlated with 
the relative sizes of the absolute enthalpies and free energies of hydration given in Table 2. 


TABLE 2. Enthalpies and free energies of hydration of univalent anions at 25°. 


F- cr Br- s BF- co, ee H,0« 
AH° 9, (abs. hydration)... —121-9 —87-6 — 79-8 —69-7 —71-2 —57:1 -43-8 —10-5 
AG° 9, (abs. hydration)... —112-5 —82-3 — 75-2 —67-1 —65-8 ? ? — 2-05 
Effective radius’ (A) ... 1-36 1-81 1-95 2-16 2-26 2-45 3-0 - 


* Values for vaporisation. ° For details see section 3. 


These can be taken as a measure of the difficulty of removing a participating ion from 
the surrounding water molecules. The values of absolute free energy of hydration are 
based on Gurney’s value of —5-5 cal. deg.+ for the absolute entropy of hydration of the 
proton, and an absolute enthalpy of hydration * of —261 kcal. mole!. 

The free energies of hydration of singly charged anions differ primarily because of 
differences in ion—dipole interaction. There is thus a correlation between phenol formation 
and anionic radius. 

(2) Precipitation of Solid Benzenediazonium Salts.—The effective anionic radius is also 
the controlling factor for precipitation. The solubility of an electrolyte is governed by 
enthalpy and entropy changes accompanying dissolution. For a uni-univalent electrolyte 
the solubility (molality m) at a temperature T° kK is given by: 

— RT In (my,)? = AH? (soln) — TAS° (soln) 
= AH°® (hydration of ions) — AH°® (lattice) — TAS° (soln) 
5 Gasiorowski and Wayss, Ber., 1885, 18, 1936; Hodgson and Sibbald, /]., 1945, 545; Bunnett, 


Quart. Rev., 1958, 12, 1. 
® Halliwell and Nyburg, unpublished work. 
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It has long been known that both lattice energies, AU,° (lattice), and hydration energies, 
AU,°(hyd), of ionic crystals are explicable in terms of ionic radius and charge. 
Kapustinski ? has used this approach semiempirically, and Yatsimirski * has extended and 
summarized his work. We have applied the method to evaluating lattice and hydration 
enthalpies at 25° cc. We find that for uni-univalent salts, whatever the crystal structure, 
lattice enthalpies at 25° are given, for most salts within 1—2 kcal mole™, by the empirical 
equation 


. 600 
— AH “oo, (lattice) = - : ( 


1t %2 


“4 

_» kcal. mole* -...—..-: ««()) 
1+ 

where 7, and r, (in A) are cationic and anionic radii respectively (for details of radii see 
section 3). The reason why one equation applies to such a wide variety of crystal structures 
has been discussed elsewhere.?® The curve corresponding to eqn. (1) is plotted in Fig. 1. 
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Fic. 1. Lattice enthalpies (AH°y9,; kcal. mole) (plotted against the sum of the effective ionic radii 
(r, + 72) (A) for uni-univalent salts at 25°. 

1, NMe,I. 2, NMe,Br. 3, NMe,Cl. 4, CsI,. 5, CsClO,. 6, CsI. 7, CsN;. 8, CsBr. 9, KCIO,. 
10, KI. 11, KBrF,. 12, CsCl. 13, KN, 14, NaClO,. 15, KCN. 16, KBr. 17, NaBF,. 
18, NaI. 19, KCl. 20, CsF. 21, NaN;. 22, NaBr. 23, Lil. 24, LiBrF,. 25, NaCl. 26, LiN,. 
27, KF. 28, LiBr. 29, LiCl. 30, NaF. 31, LiF. 

@ Enthalpies given before this work. © Estimated enthalpies (see Table 6). 
The continuous line represents eqn. (1). 


Fic. 2. Absolute enthalpies of hydration of univalent ions at 25°. AH°y..(hydration)Ht,g = —261 
keal. g.-ion". 
1, NMe,*. 2, PhN,*. 3, Cst. 4, Rb+. 5, Kt. 6, Nat. 7, Lit. 
Si. 9 Paso. 1, GOr.. dt. MRR. Bee ee Be Ce a. a 


The allocation of individual absolute ionic hydration enthalpies is made difficult by lack 
of agreement on the value of thie absolute hydration enthalpy of the proton. If the value 
—261 kcal. mole™ is used, absolute enthalpies of hydration of cations and of anions converge 
with increasing ionic radius in satisfactory agreement with theory !° (see Fig. 2).* 

* Values of AH(abs.hyd)/z* for multivalent ions with inert-gas structures also lie on these curves. 


? Kapustinski, Z. phys. Chem., 1933» B, 22, 257; see also Quart. Rev., 1956, 10, 283; Kapustinski 
and Yatsimirski, Zhur. fiz. Khim., 1948, 22, 1271. 

* Yatsimirski, ‘‘ Thermochemie von Komplex Verbindungen,” Academie-Verlag, Berlin, 1956, 
Chap. 6. 

* Pauling, ‘‘ Nature of the Chemical Bond,”’ Cornell, Ithaca, 1944, Chap. 10. 

1% Buckingham, Discuss. Faraday Soc., 1957, 24, 151. 
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Fig. 3a relates the enthalpy of solution of an ionic salt, calculated from Figs. 1 and 2 
in terms of the radii of the constituent ions. Fig. 3b gives the experimental enthalpy values 
for specific salts. (For discussion of the ClO, values see Table 5, footnote k.) The 
effective radius of the benzenediazonium ion has been taken as 2-4 A (see section 3). This 
allows a curve to be drawn on Fig. 3b for which enthalpies of solution can be read off for 
the required benzenediazonium salt. 
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Fic. 3. Comparison, for uni-univalent salts, of (a) values of AH°%g9, (soln) calculated from lattice and 
hydration enthalpies and (b) experimental values of AH°g9, (soln). In each diagram the broken line 
refers to values estimated for benzenediazonium salts. Figures alongside the lines in (a) are r.. (in A). 


(See text for comment on the anomalous enthalpies of solution of perchlorates as indicated by dotted 
lines.) 


Fic. 4. Estimated values of AH° 9 (soln) and AG° gg (soln) of benzenediazonium salts, showing the 
significance of anionic radius for precipitation. 


A, AH°y9, (soln) trend. B, AG°g9, (soln) trend. Full vertical lines denote AH°.., (soln); broken 
vertical lines denote TAS° 9, (soln). 


Entropy changes on dissolution have been estimated by Kapustinski and Yatsimirski’s 
method 7-8 and are given in Table 3. 


TABLE 3. Estimated values of TAS® (soln) at 25°c for various benzenediazonium salts. 


Benzenediazonium salt ...........c0s006+ i Cl Br- BF- Cdo,- I 
——__ increasing ionic radius ————————"> 
TAS® (soln) in keal. g.-ion™ ......... 5 8 9 11 5 13 14 


The figure for the borofluoride ion needs comment. Both the estimated and the 
measured values of TAS° (soln) are less positive than would be expected by comparison 


1" Frank and Wen-Yang Wen, Discuss. Faraday Sot., 1957, 24, 133. 
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TABLE 4. Comparison of AG°so (soln), estimated from effective ionic radius, with that 
na calculated from solubility data. 

he PhN,*ClO,- PhN, BF, 

: a ae (i) as reported 0-07m at 0°c ™ “ with difficulty ”’ ® 
-= aera (ii) estimated for 25°c by comparison with 

or (mola) solubility curves of other perchlorates, etc. 0-20m 0-05—0-1m 

0:8 


ys at saturation (estimated ™) 
+3-5 to +40 


AG exe (soln) {i from solubility } 
7 ove \ 


12> 


to «1 


sot .-1) 4 (il) estimated by AH® and TAS° terms from 
(kcal. mole~") ionic radius + 3-0 + 5-0 


TABLE 5. 
AFT o9¢(f) AG 298(f) AH 995(f) AG ° 995(f) 
(kcal. g.-formula™) (keal. g.-formula*) 

SEE cotupibnasthscatcrs — 26-48 « —15-12¢ Be UD. eeosecipsacacenses 34-8 # — 
Nishi sitiscock rete — 38-23 « —19-27« eG ITS: 65-53 ¢ 83-25 
ED since dcansoeevestee 12-38 ¢ 23-58 ¢ 
SL ccntovkesessstevss 2-554 21-126 CS 8 Re 2-58! 18-50 
SEED Seshekudeboenes 25-304 33-12 ¢ | , ae 5-08 + 23-76 
s —* PARRRERTIRORRCEN 14-14 30-04 RIED saliivcsienshiods —0-33 ¢ 18-04 

TN ciate 35-5? 41-9° ot * RS —2-37! ae 
ten lea tain 23-05% 37-96 
oe” rer 734° 35-40°¢ Sd, rere —415-8 - 
DEEN clsicvajosdsesis — 36-174 — 10-234 ee —417-8 - 
_ Ph*OH(c) ..........0000- — 38-904 —11-53 4 IEE i cctetieinssines — 428-45 
PhN,t(aq)  ....-....0+ 90° 109/ FI i ececaccsnosecenecs ~ 400) 


NMe,*(aq)  ....----000 x y Ce a —80-5* 
RTE “cikactenssrvess (~ + 134-1)9 - GAOe TE schascsanccaciees 10! 
Pree (w — 41-1)9 — MUN chscutnabistasceaa 78-6™ 
ere (x — 34-9)? — Sy er ee —12-14 

8 ee (x — 23-4)* (y — 14-7)* BOR UID kccccnsccccense = —8-25" 


* Values recalculated and chosen to be consistent with: heats of combustion,® ? vapour-pressure 
equations,” theoretical calculations of thermodynamic functions’ and third-law entropy values. 
*’ Using Skinner’s best value * and then via refs. y and ¢. ¢ Ref. u. 4 Ref. ¢ and “ International 
Critical Tables.”” * AH® (soln) of Ph-NH,(l) in .HCl(aq) estimated as —7 kcal. mole"!. AH (diazot- 
ization) = —22-7 kcal. mole (ref. v). / S°(NMe,*, aq) = 49-5 cal. deg.' mole! (ref. w). 
S°’(Ph:N,*, aq) estimated as 52-4 cal. deg.-! mole“! by Cobble’s method.” Hence AS°(f)(Ph*N,*, aq) = 
—93-0 cal. deg.-! mole™!. 4% Only heats of solution have been measured.” Yatsimirski gives r (cation) 
=30A. All are in agreement with AH(soln) of NMe,*(g) = 28 kcal. g.-ion"!, on which assumption 
the data have been calculated. * Ref. z gives AH (soln) and AS (soln). These are also in agreement 
with data used in g above. ‘ Refs. 16 and w. / Recalc. from thermochemical data.'7** The value 
adopted here for KBF;,(c) differs only slightly from that given by Altshuller. * For no acceptable 
value of y do the values of AH (soln) predicted from Figs. 2 and 3 agree with experimental values.” “¢ 
and The discrepancy is less with larger cations as is indicated in Fig. 4. It is important to note that extra- 
line polation suggests that when yr (cation) > 2-0 A, the discrepancy is negligible: the approximate pre- 
A). diction of AH (soln) of benzenediazonium perchlorate is not therefore affected. ' Ref. 22. From 
tted Figs. 2 and 3 one obtains lattice enthalpies in good accord with such AH (soln) values as are recorded. 
™ Most consistent figure from established values of AH°(f) of simple alkali-metal halides and dis- 
sociationenthalpies.““ ” Latimer, ‘‘ Oxidation States,” Prentice-Hall, New York, U.S.A., 2ndedn., 1952. 

® Skinner, Trans. Faraday Soc., 1951, 47, 254; Hubbard, J. Phys. Chem., 1954, 58, 396. 
? Smith, Bjellerup, Krook, and Westermark, Acta Chem. Scand., 1953, 7, 65. % Scott, McCullough, 
Good, Messerly, Hossenlopp, Frow, and Waddington, J. Amer. Chem. Soc., 1956, 78, 5463; Whiffen, 
J., 1956, 1350. * Stull, J. Amer. Chem. Soc., 1937, 59, 2726. * Skinner, Roy. Inst. Chem. Mono- 
graph, No. 3, 1958, p. 24. ‘ Lange, “‘ Handbook of Chemistry,’””’ Handbook Publ. Co., Sandusky, 
a Ohio, U.S.A., 1956. “ Parks and Hufimann, ‘‘ The Free Energies of Some Organic Compounds,”’ 
ki's Chem. Catalog. Co., New York, 1932, p. 188. * Wojciechowski, Bull. Intern. Acad. Polonaise, Classe 
sci. math. nat., 1934, A, p. 280. * Cobble, J. Chem. Phys., 1953, 21, 1451. 4% Askew, Bullock, Smith, 
Tinkler, Gatty, and Wolfenden, /., 1934, 1368. “ Buchner, Rec. Trav. chim., 1950, 329,60. * Coulter, 
Pitzer, and Latimer, J. Amer. Chem. Soc., 1940, 62, 2845. “ Greenwood and Martin, Quart. Rev., 1954, 
8.1; ‘‘ Selected Values of Chemical Thermodynamic Properties. Series III." Nat. Bur. Standards, 
Washington, U.S.A. 1956; Lewis and Randall, ‘‘ Thermodynamics,’’ McGraw-Hill, New York, U.S.A., 
- 1923, p. 73. ™ Altshuller, J. Amer. Chem. Soc., 1955, 77, 6187. ° Smeets, Natuurw. Tijdschrift 
4 1933, 15, 105. “4 Foot, Bradley, and Fleischer, J. Phys. Chem., 1938, $7, 21. 


the 

‘i ' Hofmann and Arnoldi, Ber., 1906, 39, 3146. 

ison '3 Wilke-Dérfurt and Balz, Ber., 1927, 60, 116. 

'! Robinson and Stokes, ‘‘ Electrolyte Solutions,’’ Butterworths, London, 1955, p. 250. 
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with values for other salts. This seems to be the major cause of the insolubility of boro- 
fluorides compared with iodides which, on grounds of size and charge, they would be 
expected to resemble. On dissolution in water, large univalent ions have, on the whole, an 
overall structure-breaking effect ' which leads to a more positive value of AS° (soln), 
Hydrogen-bonding between the fluoride and the oxygen atoms would undoubtedly lessen 
the structure-breaking effect and would explain the lower positive entropy of solution of 
borofluoride. It is unlikely that such an interaction would greatly affect the enthalpy of 
solution. 

From Figs. 1—3 and Table 3, we have estimated AG° (soln) for the benzenediazonium 
salts under discussion. The results are plotted in Fig. 4 so as to show the contribution of 
AH”* and of TAS*° in each case. These calculations are in general agreement with the trend 
of observed solubilities and they predict * that the critical anionic radius for precipitation 
is about 2-2 A. Ions smaller than this are predicted to give rise to soluble benzenedi- 
azonium salts; larger ions should give insoluble salts. For this reason benzenediazonium 
perchlorate is expected to have borderline solubility, as indeed should benzenediazonium 
borofluoride for reasons given above. Table 4 gives the experimental and predicted 
solubilities of these two salts. The agreement is gratifying. 

Summarizing, we see that, apart from certain expected anomalous entropy effects, the 
critical anionic radius of about 2-2 A is the factor which causes the reactions of benzenedi- 
azonium salts to be of types 1 and 2 or of type 3 above. Although attention has been 
confined to benzenediazonium ions, the results are believed to be of general validity. 

(3) Ionic radit.—Where available, anionic radii have been taken from Pauling ® and 
cationic radii from Ahrens.45 The following 7... (in A) have been taken from the cited 
reference or estimated as indicated: 


N,~ 2:04 Gray and Waddington." 

NMe,' 3-0 Yatsimirski.® ‘ 

I 3-0 Estimated as ref. 16, from crystallographic data.” 

Ph:N,* 2-4 Estimated as ref. 16, from crystallographic data." 

Ph:SO,- 2-55 Estimated as ref. 15, from structural data." The AH (hydration) obtained by 
interpolation in Fig. 2 is in good agreement with recently reported value.*° 

CN- 1:96 Value most consistent with crystallographic data. 

BF, 2-16 Estimated as ref. 7. 

clos 2-45 Cordes * gives 2-6 A Yatsimirski® gives 2-3 A. At high temperatures all alkali- 


metal perchlorates change to rock-salt structure. The average M* to ClO, 
distance is 2-44 A. 


(4) Thermochemical Data.—All calculations in this paper are based on AH°,,,(f) and 
AG*o9a(f). These values have been taken from ref. 23, except as cited in Table 5. 


We thank Dr. I. T. Millar for helpful discussions and for showing us certain results before 
their publication. 


UNIVERSITY COLLEGE OF NORTH STAFFORDSHIRE, 
KEELE, STAFFS. [Received, February 22nd, 1960.| 


* The trends shown in Fig. 4 suggested the investigation of, and predicted the results with, o-toluene- 
diazonium iodide (see above). 

15 Ahrens, Geochim. Cosmochim. Acta, 1952, 2, 155. 

16 Gray and Waddington, Proc. Roy. Soc., 1956, A, 235, 106, 481. 

' Tasman and Boswijk, Acta Cryst., 1955, 8, 59. 

18 Romming, Acta Chem. Scand., 1959, 18, 1260. 

1 Sutton ef al., ‘‘ Tables of Interatomic Distances and Configuration in Molecules and Ions,’’ Chem. 
Soc. Special Publ., No. 11, London, 1958. 

2 Morris, Tetrahedron, 1958, 4, 423. 

*t Cordes and Fetter, J]. Phys. Chem., 1958, 62, 1340. 

22 Pritchard, Chem. Rev., 1953, 52, 529. 

23 Rossini ef al., Nat. Bur. Stand. Washington, Circular 500, 1952. 
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892. The Reduction of Indole and Carbazole by Metal-Ammonia 
Solutions. 
By S. O’BrIEN and D. C. C. Situ. 


Indole and carbazole, but not pyrrole, can be reduced by solutions of 
metals in liquid ammonia, in the presence of alcohol or ammonium chloride. 
N-Substituted indoles and carbazoles are reduced more readily than the 
unsubstituted compounds. 


PyRROLE is not reducible by a solution of potassium in liquid ammonia,' nor by the 
combination sodium—ammonia—ammonium bromide.? Replacement of the last by ethanol 
is equally ineffective, although this combination efficiently reduces benzene 3 and thiophen.* 
Two factors may be responsible, the principal one being the anionoid character of the 
nucleus, relative to benzene, since the initial stage of reduction would involve electron- 
addition. Pyrrole also possesses an acidic hydrogen, and salt formation would protect it 
from reduction; however, l-methylpyrrole is also not reducible. Pyrrole can be reduced 
by zinc and hydrochloric acid,* presumably through the conjugate acid. 

Fernelius and Field? are quoted as showing that the action of sodium in ammonia on 
indole gives 2,3-dihydroindole, and only 10% of the theoretical amount of hydrogen 
expected from salt formation. This product has been re-examined: its ultraviolet 
absorption spectrum is similar to that of a mixture of indole and pyrrole, and the charac- 
teristic absorption of 2,3-dihydroindole is absent, indicating reduction only in the benzene 
ring. 

In the absence of an added source of protons a lithium—ammonia solution reduces indole 
to only a small extent, and this occurs immediately on addition of the indole. The residual 
indole, as lithium salt, is not further reduced by lithium—ammonia, but it is reduced, to a 
varying extent, on addition of a proton source, e.g.,an alcohol. The most effective alcohol 
is methanol, presumably because of its high acidity and therefore greater ability to release 
indole from the salt. Water is less effective, probably because of the increased rate of the 
competing reaction to give hydrogen. When a large excess of lithium and methanol 
in ammonia is used, reduction gives a product free from indole and consisting of 4,7-di- 
hydroindole (II) and 4,5,6,7-tetrahydroindole (I) in about equal amounts, as judged from 
spectroscopic and analytical data. 


(I) (Il) R=H (IV) R=H (V1) R=Me 
(111) R=Me (¥) R=Me (VII) R=H 


The effect of salt formation in inhibiting reduction is clearly shown by the comparative 
ease of reduction of 1-methylindole by sodium-—ammonia-ethanol. Both rings are, more- 
over, reduced; the basic product is 2,3-dihydro-l-methylindole and this is itself further 
reduced. Reduction of 2,3-dihydro-l-methylindole gives a similar mixture. The neutral 
product of the reduction of 1-methylindole is 4,7-dihydro-1-methylindole (III). 

While salt formation by indole probably explains its very slow reduction in sodium-— 
ammonia proton-donor solutions, the greater effectiveness of more-acidic proton donors in 
Franklin, J. Phys. Chem., 1920, 24, 81. 

Fernelius and Cappel, quoted in refs 7. 

Wooster, U.S.P., 2182242 (Chem. Abs., 1940, 34, 1993). 
Birch and McAllan, Nature, 1950, 165, 899. 

Birch, Nasipuri, and Smith, Experientia, 1959, 15, 126. 
Andrews and McElvain, ]. Amer. Chem. Soc., 1929, §1, 887. 
Watt, Chem. Rev., 1950, 46, 317. 
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promoting reduction suggests that, even here, reaction takes place only by initial electron 
addition to free indole. If so, the reducibility of the pyrrole ring in 1-methylindole, but 
not in indole itself, may be due to some factor other than salt formation by the latter. It 
is possible that non-bonding interaction between the 1-methyl and the 7-hydrogen increases 
the reducibility of the pyrrole nucleus in 1-methylindole by making the pyrrole ring non- 
planar and therefore less “‘ aromatic.’’ This factor is not present in 1-methylpyrrole and 
indole and, accordingly, neither is reducible in the pyrrole nucleus. 

Carbazole might be expected to resist reduction under conditions of salt-formation; 
alternatively, it has a more extended aromatic system which is more favourable to 
reduction. 9-Methylcarbazole is stated not to be reduced by sodium in ammonia,’ but it 
is difficult to assess this contention without full details; frequently solubility is a limiting 
factor in reduction. Franklin ! observed only a small evolution of hydrogen from carbazole 
and potassium—ammonia, and Fernelius and Cappel? are quoted as noting the production 
of 1,4-dihydrocarbazole, and, in the presence of ammonium bromide, of the same product 
together with 1,2,3,4-tetrahydrocarbazole. Schmidt and Schall § claimed to have prepared 
1 ,4-dihydrocarbazole by reducing carbazole with sodium and pentyl alcohol, but re-investig- 
ation by Barclay e¢ al.® showed that the product contained more than 50%, of carbazole, 
together with other, unidentified, components. 

It is now found that when carbazole is reduced, either by sodium—ammonia-ethanol or 
by sodium-ammonia—ammonium chloride, 1,4-dihydrocarbazole (IV) is formed. This 
is entirely different from Schmidt and Schall’s ‘‘ dihydrocarbazole.”’ The melting point of 
their product is 229°, whereas 1,4-dihydrocarbazole, even when pure, does not melt sharply, 
presumably because of some decomposition. The most convincing evidence that Schmidt 
and Schall’s ‘‘ dihydrocarbazole ”’ is a mixture is obtained from its absorption spectra; its 
infrared spectrum contains bands characteristic only ‘of carbazole and 1,4-dihydro- 
carbazole, and its ultraviolet spectrum indicates that there is 55% of carbazole and 45% 
of 1,4-dihydrocarbazole. 

When 9-methylcarbazole, in a sodium-—ammonia solution is reduced by the addition 
of ammonium chloride, the process proceeds only to 1,4-dihydro-9-methylcarbazole (V); 
if 9-methylcarbazole is reduced by sodium—ammonia-ethanol 1,4,5,8-tetrahydro-9-methyl- 
carbazole (VI) is produced. 1,4-Dihydro-9-methylcarbazole is presumably an intermediate 
and this, unlike 1-methylindole, is further reduced only in the six-membered ring; this is 
understandable since the electron-releasing methylene groups will further stabilise the five- 
membered ring toward reduction. 

Since carbazole in sodium-ammonia-ethanol did not give a tetrahydro-derivative, 9- 
methoxymethylcarbazole was prepared * in the hope that it would be similarly reduced 
to 9-methylcarbazole and afford 1,4,5,8-tetrahydrocarbazole (VII) on hydrolysis. When 
9-methoxymethylcarbazole was reduced, with sodium—ammonia—ammonium chloride, and 
hydrolysed, 1,4-dihydrocarbazole resulted. Reduction of 9-methoxymethylcarbazole 
with sodium—ammonia-~ethanol yielded a mixture; hydrolysis and separation of this into 
neutral and basic fractions gave (yields in parentheses), in the former: 1,4-dihydro- 
carbazole (8%) and 1,4,5,8-tetrahydrocarbazole (VII) (42%), which together formed 
mixed crystals and so could not be separated; and, in the latter: a low-melting solid 
whose ultraviolet absorption spectrum indicated the presence of arylamine chromophore 
(chief constituent) and small amounts of the conjugated dienamine chromophore.” 
Presumably this mixture of bases is produced by the further reduction of 1,4-dihydro-9- 
methoxymethylcarbazole in both the five- and the six-membered ring. 


* We are indebted to Dr. G. F. Smith and Mr. H. A. Potts for details of the preparation and hydro- 
lysis of 1-methoxymethylindole (unpublished) which we followed for the analogous carbazole compound. 


® Schmidt and Schall, Ber., 1907, 40, 3225. 
® Barclay, Campbell, and Gow, /., 1946, 997. 
1 Millward, J., 1960, 26. 
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EXPERIMENTAL 


Reductions, unless otherwise stated, were carried out in conical flasks with industrial 
liquid ammonia. If the ammonia is said to be “ anhydrous ”’ this indicates that it was distilled 
from sodium, and that the reaction was carried out under a potassium hydroxide guard-tube. 
Auto-oxidisable products were kept either under nitrogen or under high vacuum according to 
their volatilities. Ultraviolet spectra were measured in ethanol, and infrared spectra in carbon 
disulphide. 

Reduction of Indole.—Indole (2 g.) in ether was added to liquid ammonia (1-5 1.) and lithium 
(12 g.) was introduced gradually in small pieces. After 30 min. methanol was run in slowly 
until the colour disappeared. Ammonia was evaporated, water was added, and the product 
was isolated (with ether); it had b. p. 57—58°/0-05 mm., m,?* 1-5596, Amax, 217 my (e 5300). 
In the infrared spectrum the characteristic bands of indole (especially the strong ones at 718, 
738, and 762 cm.) were completely absent. The spectrum possesses bands characteristic of a 
cis-olefinic bond at 3024 and 1658 cm.! and two bands at 706 and 666 cm. (Found: C, 79-9; 
H, 8-1; N, 11-6. Calc. for equal amounts of C,H,N and C,H,,N: C, 80-0; H, 8-3; N, 11-7%). 

Attempted Reduction of Pyrrole and 1-Methylpyrrole.—This was carried out by the use of the 
same method and proportions as in the reduction of indole; each product was made up to 
standard volume in ethanol and analysed spectrophotometrically. Recoveries of unchanged 
material were: pyrrole, 94; 1-methylpyrrole, 92%. 

Partial Reduction of Indole-——This was performed to compare the effectiveness of various 
proton donors in promoting reduction. Indole (1 g.) in ether was added to anhydrous ammonia 
(700 c.c.) containing lithium (0-6 g.). This mixture was stirred continuously and samples were 
run into a second vessel fitted with.a CO,-cooled condenser and a side arm, through which 
potassium nitrate (to oxidise the lithium), or a proton donor, was subsequently introduced. 
The products were isolated with ether, and their indole contents measured spectrophoto- 
metrically. 





Ultraviolet absorption of Calculated % of 
product indole in product 
Interval between -— Ameren ~ he =~ 
Substance added addition of indole © 276 mp e 271 mp from 
to discharge and discharge ¢ 230 mp of isolated ¢ 276 mp from 
colour of colour before isolation product ¢230mpuz =e 271 mp 
KNO, 10 min. 2-08 -- 84 _— 
1 hr. 1-84 - 78 _— 
2 hr. 2-01 - 82 — 
Bu'OH ) 0-74 2,000 40 35 
PriOH 0-13 770 10 13 
EtOH 1 0-33 1,000 20 17 
MeOH f oa. 0-05 160 3 3 
H,O 0-69 — 40 — 
(NH,),SO, j 0-44 28 ‘ 
KNO, * 15 min. 2-33 5,100 90 88 
3 hr. 2-60 95 


* Lithium indole used in place of indole, prepared from equivalent amounts of lithium butyl and 
indole. 


Reduction of 2,3-Dihydro-\-methylindole.—This compound (1-0 g.), in ether, was added to 
liquid ammonia (150 c.c.) and ethanol (10 c.c.). Sodium (2-0 g.) was introduced in small 
pieces, with stirring, and when the blue colour was discharged and the ammonia had evaporated, 
the product was isolated in light petroleum (b. p. 30—40°) as a liquid (0-94 g.)._ Its ultraviolet 
absorption spectrum, when compared with that of the starting material, showed a decrease in 
extinction at shorter wavelengths and an increase at longer wavelengths, indicating the presence 
of starting material (40%) and a conjugated dieneamine (pax, calculated by subtraction of the 
starting material spectrum: 310 my) [cf. Millward !° who quotes Amax, 303 my (e 10,500), for 2,3- 
dihydro-N N-dimethyl-p-toluidine]. 

Reduction of 1-Methylindole.—This compound (1-0 g.) was reduced as in the previous experi- 
ment. The product (0-96 g.) was dissolved in light petroleum (b. p. 30—40°; 25 c.c.) and 
extracted with 2$% hydrochloric acid (3 x 15 c.c.). The aqueous layer was immediately 
basified with sodium hydrogen carbonate and an ether extract obtained; this was dried 
(MgSO,) and yielded, on evaporation, an oil (0-15 g.). The oil yielded a picrate in benzene 
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which was recrystallised twice from benzene and had m. p. 158—164°, undepressed after 
admixture with the picrate of 2,3-dihydro-1-methylindole, m. p. 160—165°. The light petrol- 
eum layer was washed with sodium hydrogen carbonate solution, dried, and evaporated to 
leave 4,7-dihydro-1-methylindole (0-20 g.), b. p. 102—106°/15 mm., ”, 15490, Amax 211 my 
(¢ 6000) (Found: C, 80-9; H, 8-2. C,H,,N requires C, 81-2; H, 8-3%). 

1 ,4-Dihydro-9-methylcarbazole.—9-Methylcarbazole (1 g.) in tetrahydrofuran was added to 
liquid ammonia (150c.c.). Sodium (1-3 g.) was added and, after it had dissolved, the solution 
was kept for 30 min. Ammonium chloride was added until the blue colour was discharged, the 
ammonia was evaporated, and water (200 c.c.) was added. The product was collected, washed, 
and dried (1-30 g.). Crystallised three times from ethanol, 1,4-dihydro-9-methylcarbazole had 
m. p. 93—95°, Amax, 228, 285 my (¢ 31,000; 6300) (Found: C, 85-2; H, 7-1; N, 7-65. C,,H,,N 
requires C, 85-3; H, 7-1; N, 7-6%). 

1,4,5,8-Tetrahydro-9-methylcarbazole.—9-Methylcarbazole (1 g.) in tetrahydrofuran, was 
added to a mixture of liquid ammonia (150 c.c) and ethanol (20 c.c.). Sodium (1-3 g.) was 
added, and when the blue colour was finally discharged, ammonia was evaporated and water 
(200 c.c.) added. The product was extracted with benzene, dried, and evaporated, yielding 
1,4,5,8-tetrahydro-9-methylcarbazole (1-05 g.); this was recrystallised three times from ethanol 
and had m. p. 142—144°, Amax, 224 my (ce 5100) (Found: C, 83-9; H, 7-8; N, 7-4. C,,H,,N 
requires C, 84-3; H, 8-2; N, 7-6%). 

1,4-Dihydrocarbazole.—Carbazole (1-0 g.) was reduced in two ways: first, as in the prepar- 
ation of 1,4-dihydro-9-methylcarbazole, and, secondly, as in the preparation of 1,4,5,8-tetra- 
hydro-9-methylcarbazole. Each product was collected by filtration and dried (1-0 g.). 
Recrystallised twice from light petroleum (b. p. 80—100°) and once from ethanol, each sample 
of 1,4-dihydrocarbazole had m. p. 180—210°, Amax, 226, 281 mp (e 18,200, 5800) (Found: C, 
85-0; H, 6-55; N, 8-5. Calc. for C,,H,,N: C, 85-2; H, 6-5; N, 83%). 

9-Methoxymethylcarbazole.—Carbazole (4-5 g.), slurried in ether, was added to anhydrous, 
liquid ammonia containing sodamide (prepared from 0-9 g. of sodium), and stirred for 10 min. 
before chloromethyl ether (9 g.—an excess, as it is ammonolysed) was quickly added. After 
evaporation of the ammonia, the product was diluted with*sodium hydroxide solution and 
isolated with ether as a solid (5-2 g.), containing carbazole (N-H stretching band at 3463 cm."}). 
The solid was taken up in benzene, a less soluble portion (1-0 g.) being discarded, evaporated, 
taken up in 4: 1 light petroleum (b. p. 80—100°)—benzene, and washed through alumina with the 
same solvent mixture. The first 300 c.c. contained carbazole, after which pure 9-methoxymethyl- 
carbazole (3-1 g.) was eluted, and recrystallised from ethanol; it had m. p. 58—59°, Anax, 232, 
247, 257, 320, 332 my (e 42,700; 19,000; 11,200; 3500; 3400) (Found: C, 79-5; H, 5-9; N, 
6-7. C,,H,,NO requires C, 79-6; H, 6-2; N, 6-6%). 

Reduction and Hydrolysis of 9-Methoxymethylcarbazole.—(A) 9-Methoxymethylcarbazole 
(0-5 g.) was reduced as in the preparation of 1,4,5,8-tetrahydro-9-methylcarbazole. The product 
(0-45 g.), in ethanol containing phloroglucinol (1:35 g.; to remove formaldehyde) and con- 
centrated hydrochloric acid (30 drops), was warmed under nitrogen for 7 min., cooled, basified 
with sodium hydroxide solution, and extracted with ether. The extract was washed with 24% 
hydrochloric acid (3 x 20 c.c.) and sodium hydrogen carbonate solution, dried, and evaporated 
(0-16 g.). The product was crystallised from ethanol; it had m. p. 180—210°, Amax, 283 my 
(Ei%, 52-6, corresponding to 16% of 1,4,-dihydrocarbazole) (Found: C, 84:3; H, 7-3; N, 8-8. 
Calculated for 84% of C,,H,,;N + 16% of C,,.H,,N: C, 84-4; H, 7-4; N, 8-2%). 

The acid extracts were immediately basified with sodium hydrogen carbonate and extracted 
with ether to yield an oil (0-17 g.). This was distilled (bath temp. 100°/0-05 mm.) to a solid, 
m. p. 40—50°, Amax. 243 my (E}%,, 360), 293 mu (E}%, 134) (Found: C, 83-95; H, 8-0; N, 8-2. 
Calc. for 70% of C,,H,,N +30% of C,,H,;N: C, 83-9; H, 7-9; N, 8:2%). 

(B) 9-Methoxymethylcarbazole (0-5 g.) was reduced as in the preparation of 1,4-dihydro-9- 
methylearbazole. Hydrolysis of the reduced product, as above, yielded 1,4-dihydrocarbazole 
(0-35 g.). 


The authors are indebted to Professor A. J. Birch for encouragement and valuable discussions 
and they thank the Department of Scientific and Industrial Research for a maintenance grant 
(to S. O’B.). 


DEPARTMENT OF CHEMISTRY, 
UNIVERSITY, MANCHESTER, 13. . [ Received, February 26th, 1960.) 
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893. Synthesis. of Diterpenes. Part III.* The Synthesis, and 
Configuration at Position 13, of Diterpenes of the Labdane Group. 
By D. B. BicLey, N. A. J. RoGers, and J. A. BARLTRopP. 


Sclareol (XXIIIb), methyl labdanolate (XX VIIIc), isomanoél (XXVIIb), 
and their 13-epimers have been synthesised from podocarp-8(14)-en-7-one +t 
(IIL), with (+4-)-ambreinolide (XIII), and the hydroxy-ketone (XV) as relays. 
From a study of the intramolecular hydrogen-bonding of the acetoxyethynyl- 
carbinol (XXIIIc), and an analysis of the molecular rotations of manodl, iso- 
manc6él and (R)(-+)-linaloédl (XXIV), it emerges that sclareol, and manodl 
have the (R)-configuration at position 13. A limitation of the method of 
molecular-rotation comparison is revealed. 


CONSIDERATION of possible approaches to the synthesis of the manodél-sclareol groups of 
diterpenes suggested that ambreinolide (XIII) would be a useful relay, as would the ketol 
(XV) and the unsaturated ketone (XXb) which are degradation products of sclareol * and 
manoél ‘ respectively. The synthesis of these compounds was therefore undertaken. 

The starting material in this synthesis was podocarp-8(14)-en-7-one f (III), the synthesis 
of which has been reported in Part I of this series.5 This necessitated the production of 
fairly large quantities of m-methoxyphenylacetylene, hitherto available only by long and 
tedious reactions from acetophenone.*? We have now developed a convenient procedure 





Me H 
(VIII) R=CH,+CH,-CO,H (VII) a: R= Ac (LX) 
b: R= CMe,-OH 


for its preparation from m-methoxycinnamic acid, by adding bromine photochemically,’ 
converting the dibromide by sodium carbonate solution into #-bromo-3-methoxystyrene 
and dehydrobrominating this with sodamide in liquid ammonia. An alternative procedure, 
involving m-methoxyphenylpropiolic acid as an intermediate, has recently been published.® 


* Part II, Barltrop and Day, J., 1959, 671. 

+ The nomenclature of all compounds in this paper is based on that of the unknown hydrocarbons 
abdane ! (I) and podocarpane ? (II): 

1 Cocker and Halsall, J., 1956, 4262. 

2 Klyne, J., 1953, 3073. 

3 Ruzicka, Seidel, and Engel, Helv. Chim. Acta, 1942, 25, 621. 

* (a) Hosking and Brandt, New Zealand J. Sci. Technol., 1936, 17, 750; (b) Schenk, Gutmann, Jeger, 
and Ruzicka, Helv. Chim. Acta, 1952, 35, 817. 

> Barltrop and Rogers, J., 1958, 2566. 

* Collins, B.Sc. Thesis, Oxford, 1955. 

7 Johnson, Bannerjee, Schneider, Gutsche, Shelberg, and Chinn, J. Amer. Chem. Soc., 1952, 74, 
2843. 

8 Jones and James, J., 1935, 1600. 

® Exner, Simak, Jilek, and Protiva, Coll. Czech. Chem. Comm., 1954, 19, 331. 
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Ozonolysis of podocarp-8(14)-en-7-one (III), under the conditions devised by Turner, 
gave a high yield of the keto-acid (IVa). Esterification with dimethyl sulphate, under 
alkaline conditions, gave the methyl ester (IVb), the infrared spectrum of which was 
apparently identical with that published for the degradation product of manodél.” 

Our first approach to ambreinolide (XIII) envisaged attack of methylmagnesium iodide 
on the carbonyl group of the keto-acid (IVa), or of its methyl ester, to give, after 
dehydration, a mixture of ambreinolide (XIII) and 8-epiambreinolide (V). In practice, 
only the latter lactone was obtained, accompanied, in the reaction on the acid, by the 
ketol (VIIa). This stereospecificity is not surprising in terms of the diagram (VIII), which 
shows that attack from the 6-face of the molecule would be very hindered. The production 
of the ketol (VIIa), on reaction of an excess of Grignard reagent with the keto-acid, is 
surprising in view of the known lack of reaction between acids, or their salts, and Grignard 
reagents. This may be attributed to an equilibrium between the normal anion of the 
keto-acid, and the anion (XVII), which should react as a lactone with the Grignard reagent. 

A second approach to ambreinolide, employing the Wittig reaction between methylene- 
triphenylphosphorane and the keto-ester (IVb), was attempted. It was expected that this 
reaction would give rise to the unsaturated ester (X; R = Me), the acid from which, a 
degradation product of manodél, was known ™ to cyclise to ambreinolide in high yield in 
acidic conditions. In practice, however, preferential attack at the ester function occurred, 
to give the organophosphorus compound (XI). Pyrolysis of this compound gave rise, 
possibly by the mechanism shown, to an «$-unsaturated ketone, which, from its b. p. and 
spectrum, was probably podocarp-8(14)-en-7-one (III). 


5) . fe) ‘i 
OH 
O lo ° ° 
(XI) +Ph,PO (IIT) 


Attempted Wittig reactions on the lithium salt of the keto-acid (IVa) in various reflux- 
ing solvents gave only unchanged starting material. This failure of the 8-oxo-group to 
react even under forcing conditions may perhaps be attributed partly to the presence of 
the anion (XVII) in the solution of the lithium salt, and partly to the large steric require- 
ments of the Wittig reagents. 

The synthesis of ambreinolide was finally achieved in the following manner. The 
keto-acid (IVa) with an excess of methyl-lithium gave three products: (a) a single ketol, 
which, by analogy with the production of 8-epiambreinolide (V), must be assigned structure 
(VIIa); (6) the enol ether (VI) arising from cyclodehydration of this ketol, and (c) the 
glycol (VIIb). Dehydration of the ketol (VIIa) with a trace of iodine in benzene, or treat- 
ment of the enol ether (VI) with mineral acid, led to the unsaturated ketone (IX), which 
with hypoiodite gave a good yield of the unsaturated acid (XII). Treatment ® of this 
acid with a solution of sulphuric acid in glacial acetic acid at 0° gave a mixture of lactones 
which was resolved by chromatography on deactivated alumina. A y-lactone (possibly 
XIV), which did not crystallise, was not further examined. A second fraction crystallised 
spontaneously, to give a good yield of (+)-ambreinolide (XIII). This substance had 
previously been synthesised by Dietrich and Lederer ™ and by Wolff,!? and partial syntheses 
of (+-)-ambreinolide from manoél ® and sclareol #8 have also been reported. The experi- 
ments reported in the present paper * represent the first systematic, total synthesis of the 
racemic lactone. 

10 Turner, J]. Amer. Chem. Soc., 1950, 72, 579. 

1 Dietrich and Lederer, Compt. rend., 1952, 284, 637. 

12 Wolff, Compt. rend., 1954, 238, 1041. 


13 Lederer and Stoll, Helv. Chim. Acta, 1950, 38, 1345. 
™ Cf. Bigley, Barltrop, and Rogers, Chem. and Ind., 1958, 558. 
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The same sequence of reactions performed with the dextrorotatory form of the un- 
saturated ketone (IX) yielded (+)-ambreinolide. The required ketone was obtained from 
sclareol, which is reported *-1516 to yield, by oxidation, a mixture of the hydroxy-ketone 
(XV) and the enol ether (XVI) derived from the hydroxy-ketone by dehydration. This 
dehydration occurs very readily, appreciably even in solution in light petroleum at room 
temperature, and quantitatively in ether in the presence of a trace of mineral acid. By 
taking advantage of these facts, the oxidation of sclareol may be made to yield 
predominantly either the hydroxy-ketone or the enol ether at will. Ruzicka e¢ al.* report 
that the enol ether (XVI) may be hydrated to the ketol (XV) by means of aqueous- 
methanolic acetic acid or methanolic semicarbazide acetate. In our hands, these conditions 
gave only starting material. Partial conversion was achieved by hydrolysis with aqueous- 
methanolic oxalic acid at room temperature. Dehydration of the ketol or treatment 
of the enol ether with mineral acid then gave the required dextrorotatory form of the un- 
saturated ketone (IX), the infrared spectrum of which was identical with that of the racemic 
ketone described above. 

From this point, only the optically pure forms are considered. (+)-Ambreinolide 
(XIII) was hydrolysed with aqueous-methanolic lithium hydroxide, to the lithium salt of 
the corresponding hydroxy-acid. Treatment of this with methyl-lithium gave the crude 
hydroxy-ketone (XV) which was partially converted into the corresponding enol ether 
during purification. Since these compounds are identical with the oxidation products of 
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b: R=Ac ‘ 


sclareol, the subsequent stages of the synthesis made use of the ketol (XV), prepared from 
sclareol, as a relay. 

Ethynylation of the ketol (XV), with lithium acetylide in liquid ammonia, or with 
ethynylmagnesium bromide, proved to be very difficult, a good yield of the ethynyl- 
carbinols (XXIa) being obtained only under forcing conditions. This marked lack of 
reactivity can probably be attributed to the presence, in solution, of the anion (XVIII). 


1% Janot, Ann. Chim. Phys., 1932, 17, 5. 
16 Ruzicka and Janot, Helv. Chim. Acta, 1931, 14, 645. 
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In this context, it is pertinent that the sodium salt of the ketol (XV), on treatment with 
chloromethyl methyl ether, gave an oil showing no carbonyl absorption in the region 
(1700—1725 cm."). Reduction of the ethynylcarbinols (XXIa) with lithium aluminium 
hydride gave sclareol and 13-episclareol (XXIb) as mixed crystals which could not be 
resolved, even by graded elution chromatography. The mixture had a sharp m. p., which 
was depressed on admixture with authentic sclareol. The infrared spectrum was identical 
with that of the natural product, when measured in carbon disulphide solution, but was 
quite different in Nujol mull. 

Ethynylation of the acetoxy-ketone (XIXc) (see below) gave a mixture of acetoxy- 
ethynylcarbinols (XXIIIa and c). Careful chromatography on deactivated alumina gave 
the two epimeric ethynylcarbinols, A and B. A study of the infrared spectra (measured 
for CCl, solution) of these two isomers revealed that isomer B contained an intramolecular 
hydrogen bond (bands at 3540 and 3440 cm.*; relative intensities unaffected by dilution), 
There was also a slight lowering of the C=O stretching frequency (~7 cm.*) in the spectrum 
of isomer B. The latter shift may be illusory, since the spectra were measured at different 
times, and the possibility of experimental error must not be excluded. The importance of 
the observed hydrogen-bonding of isomer B is discussed below. 

Reduction of isomer A with lithium aluminium hydride gave sclareol (XXIIIb), 
identical with the natural material. In view of the recent conversions of sclareol into 
mano6] and manoy] oxide, this constitutes a formal total synthesis of the more important 
diterpenes of the labdane group. Similar reduction of isomer B gave 13-episclareol. 
The infrared spectra of the two diastereoisomers were identical in carbon disulphide 
solution, but different in Nujol mull. 

A careful analysis of the intramolecular hydrogen bonding of isomer B made possible an 
allocation of configuration at position 13 in this compound and in sclareol. This bonding 
can, in principle, involve either the ether- or the carbonyl-oxygen of the acetate residue 








i) (XXIV) (XXV) 
on (XXIID) 
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OH P 

b: R= +-Me » R.= OH 
OH 

c: R=-—Me, R’= OAc 
OH Me (XXVI) 

d R= —<Me , R’ = OH 


giving rise to an effective seven- or nine-membered ring respectively. On general grounds, 
the seven-membered ring formulation is to be preferred, and this contention is supported 
experimentally by the fact that the ketol (XV) gives evidence of a strong intramolecular 
hydrogen bond, thus providing a precedent for such a system in a seven-membered ring in 
this series. Further, neither methyl labdanolate (XXVIIIc) nor methyl 13-epilabdanolate 
(XXVIIId), in which hydrogen-bonding would require an effective nine-membered ring, 
exhibits such a bond (see below): nevertheless this cannot be regarded as conclusive 
evidence, since in such a nine-membered ring a tetrahedral carbon atom would replace an 
oxygen atom of the ring of isomer B. However, an unshared pair of electrons is believed 
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to have a greater steric requirement than a hydrogen atom.’” The apparent lowering of 
the carbonyl-oxygen stretching frequency of isomer B, which might be taken as evidence !* 
of hydrogen-bonding to the carbonyl-oxygen atom, is of doubtful significance (see above) 
in this instance. 

On these grounds, we are inclined to favour the seven-membered ring structure for 
isomer B (XXVI, XXIIIc), although the matter must be regarded as unproved. 
Fortunately, this is not important, as the arguments of the next paragraph, developed on 
the basis of a seven-membered ring formulation for isomer B, apply with almost equal force 
to a structure possessing a nine-membered ring. 

An examination of models (see diagram XXVI) explains why isomer B alone exhibits 
intramolecular hydrogen-bonding. It is apparent that if the hydrogen bond is incorporated 
in a seven-membered ring, then a bulky 6-orientated 13-group R? can interact strongly 
with the ‘“‘ axial’’ 11-hydrogen atom and with the 8-methyl group. This interaction, 
which appears to be significant even when R? is the slim ethynyl group, becomes enhanced 






QH Me 
ask = -Me a: R= OH 
“E OEt 
OH 
b:R = [Me 
OH 
ec:sR = a he H 


(XXVID) 


H H H 
(XXXII) (XXXII) (XXXIV) (XXXV) 


when R? is methyl, probably to the extent that the intramolecular hydrogen-bond must 
break in order to relieve this strain. On this basis then, the conclusion was reached that 
isomer B has a @-oriented ethynyl group in structure (X XVI), 7.e., that it has the (S)- 
configuration !* at position 13 (%XIIIc), and hence that sclareol has the (R)-configuration 
at this centre (X XIIIb). 

If the above arguments about the configuration at position 13 of isomer B are accepted, 
then it follows, from the recent conversion of sclareol into manodl,” that the latter also has 
the (R)-configuration at position 13. , Although it has been reported *! that sclareol can be 


1? (a) Aroney and Le Févre, Proc. Chem. Soc., 1958, 82; (b) Barton, Quart. Rev., 1956, 10, 72. 
'® Henbest and Lovell, /., 1957, 1965. 

’ Cahn, Ingold, and Prelog, Experientia, 1956, 12, 81. 

*® Biichi and Biemann, Croat. Chem. Acta, 1957, 29, 163. 

2! Ohloff, Annalen, 1958, 617, 134. 
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transformed also into manoyl oxide (XX XI), in the absence of evidence as to the mechanism 
of this cyclisation the configuration of this compound at positions 8 and 13 remains in 
doubt. Since Prelog and Watanabe assigned the (R)-configuration to (-+-)-linaloé] 2 
(XXIV), it follows that the establishment of a relation between manodl and (-+-)-linaloél 
would provide confirmatory evidence for their assignment. On the other hand, if we regard 
the (R)-configuration of (+-)-linaloél as proved, such a relation would add weight to our 
conclusions, which are in conflict with the tentative suggestion by Biichi and Biemann ® 
that sclareol has the (S)-configuration at position 13. 

At this point, it is pertinent that a consideration of the difference in molecular rotation 
between sclareol and 13-episclareol (A[M],, = +10-3°), and that between (—)- and (+)- 
linaloél (XXV) and (XXIV) [(A[M],, = +39°], suggest, in view of Prelog and Watanabe’s 
work,” that sclareol has the (S)-configuration at position 13. The incompatibility of 
this result with our work on isomer B led us to believe that the method of molecular- 
rotation differences cannot be applied with confidence to comparisons between systems 
which contain an intramolecular hydrogen-bond and systems not bonded in this way. 
Biichi and Biemann’s conclusions 2° were based on rotation comparisons in the annexed 
Table. Now the two comparisons (i and ii) which support Biichi and Biemann’s conclusions 
are between sclareol compounds (in which intramolecular hydrogen-bonding is likely) 
and linaloél compounds (in which such bonding is impossible). The rotation differences 
in comparison (iii) are probably too small to be meaningful, although they are in conflict 
with Biichi and Biemann’s conclusions. Comparison (iv) is, in our view, the only one 
which is valid, and this clearly relates manodl, and hence sclareol, to (R) (+-)-linalool. 


(i) Sclareol ——» Dihydrosclareol A[M]p = (S)(—)-Linaloél ——» (R)(—)-Tetrahydrolinaloédl 
+-9° A[M]p = +21-7° 

(ii) Sclareol monoacetate ——» Sclareol di- (S)(—)-Linaloé’l ——» (S)(—)-Linaloyl acetate 
acetate A[M]p = +17-2° A[M]p = +9°4° 

(iii) Sclareol diacetate ——» Dihydrosclareol di- _(S)(—)-Linaloé! acetate ——» (R)(—)-Tetrahydro- 
acetate A[M]p = —2-1° linaloyl acetate A[M]p = +7-6° 

(iv) Manoél ——» Manoy!l acetate A[M]p = (S)(—)-Linaloédl ——» (S)(—)-Linaloyl acetate 

12-7° A[ADp = +9-4° 
(v) Sclareol —— 13-Episclareol A[M]p = (S)(—)-Linaloé6) ——» (?)(+)-Linaloél A[M)p = 
10-3° + 39° 


The most direct way of relating this series of compounds with linaloél, in an un- 
ambiguous manner, appeared to be the synthesis of manoél and 13-epimanoél from the 
unsaturated ketone (XXb). This approach involved difficulties which were not readily 
overcome (see below). The more readily available ketone (IX) was ethynylated, to give a 
mixture of ethynylcarbinols (XX VIIa and c) which were separated on deactivated alumina. 
Partial reduction of these two isomers with Lindlar’s catalyst gave the vinylcarbinols 
(XXVIIb and d) which, for convenience, we name isomanodél and 13-epi-isomanodl respect- 
ively. Isomanodél had {a],,2* +-73-5°; 13-epi-isomanodl had {a],,2* +27-5°. It follows that 
isomano6l must have the same configuration at position 13 as (R)(+-)-linaloél (XXIV), and 
is therefore (XX VIIb). 

It remained to relate natural manoél to either isomanoé] or 13-epi-isomanodl and this 
was done in three ways. First, the molecular rotation difference between methyl labd-8- 
(20)-en-15-oate (XX XIV), and methyl labd-8-en-15-oate (XX XV) (A[M],, +118°), clearly 
relates manoé] to isomanoé] (A{[M],, +113°) rather than to 13-epi-isomanoél (A[M],, — 15°). 

Secondly, the reduction of the ethynylcarbinols (XX VIIa and c) to the vinylcarbinols 
resulted in a rotation change so small as to be within the limits of experimental error. By 
analogy, the ethynylcarbinol which on reduction would give rise to manoél ((«]|,, +33°) 
should have a specific rotation of approximately +33°. The epimeric ethynylcarbinol 
would have a rotation ~33° + 39° = 72° if manodl has the (S)-configuration at position 13 
and a rotation of ~33° — 39° = —6° if manodl has the (R)-configuration at this centre 


22 Prelog and Watanabe, Annalen, 1957, 608, 1. 
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{because for the change (S)-(—)-linaloél —» (R)-(+-)-linaloél A[M},, = +-39°}. It follows 
that if manodl has the (R)-configuration at position 13 the mixture of ethynylcarbinols 
(XXIIa) (see below) should have a specific rotation of less than 33°. In practice the 
mixture had a specific rotation of +- 16°. 

Thirdly, dehydration of sclareol has been reported * to give a small proportion of 
jsomanoél. This work was repeated in the hope of isolating isomanoél with the “ natural ” 
configuration at position 13. Complete separation could not be achieved, but repeated 
chromatography gave an increasing proportion of isomanoé], which could be estimated by 
measuring the diminution in the extinction coefficient of the infrared band at 887 cm.! due 
to the exocyclic double bond of manodél, The relation between the specific rotation and 
isomano6l content of the various mixtures is shown in Fig. 1. Extrapolation shows that 
pure isomanodél should have a specific rotation of approximately +80°, clearly relating it 
to our synthetic isomanodl, and hence to (R)(+)-linaloél. The relation between the 
isomanool content of the various mixtures, and the appearance of the infrared spectrum in 
the relevant region, is shown in Fig. 2. It will be seen that the band at 7-25 pu, which is 
characteristic of a methyl group attached to a double bond, is absent in the spectrum of 


Fic.1. Infrared bands of (a) manodl, (c) iso- 
manool, and (b) mixtures of the two, in CS,. 7 : ; rhe i 
Fic. 2. Specific rotation of manodl-isomanodl 
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manodl, but increases in intensity as the percentage of isomanodél in the mixture increases. 
Further, the possibility that the mixture contains more extensively rearranged material 
is slight, since there are no bands in the spectrum of the mixture which are not present in 
the spectra of either manodl or isomanodl. 

These results show that manoél (XXX), sclareol (XXIITb), and isomanoél (XXVITb) 
have the (R)-configuration at position 13. 

The clearly untrustworthy nature of conclusions based on the analysis of molecular- 
rotation data, where hydrogen bonding may be involved, led us to re-investigate Bory and 
Lederer’s work on the configuration at position 13 of labdanolic ester.22 The published 
spectra were for potassium bromide suspensions, which are inadequate to reveal the 
presence of intramolecular hydrogen-bonding. Accordingly, the synthesis of methyl 
labdanolate and methyl 13-epilabdanolate was undertaken. 

Reaction of the hydroxy-ketone (XV) with ethoxyethynylmagnesium bromide gave a 
mixture of hydroxyethoxyethynylcarbinols (XXVIIIa) and unsaturated ethoxyethynyl- 
carbinols (XXIXa) which was rearranged, without purification, to a mixture of the un- 
saturated esters (XX VIIIb and XXIXb), by briefly refluxing it with methanol.%* These 
esters were separated by chromatography, the two hvdroxy-esters having melting points 


*3 Bory and Lederer, Croat. Chem. Acta, 1957, 29, 157. 
*4 Wallach and Beschke, Annalen, 1906, 347, 338. 
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in agreement with those quoted by Bory and Lederer.** Reduction of the combined 
hydroxy-esters (XXVIIIb) gave a readily separable mixture of methyl labdanolate and 
methyl 13-epilabdanolate. Neither of these compounds gave evidence of intramolecular 
hydrogen-bonding. There is therefore no reason to suppose that Lederer’s assignment of 
configuration to labdanolic ester is incorrect and we may write methyl labdanolate as 
(XXVIIIc) with the (R)-configuration at position 13 and methyl 13-epilabdanolate as 
(XXVIIId). It follows that methyl cativate must be (XXXII), since it has been related 
to methyl labdanolate by a process! which does not involve position 13. Also, methyl 
eperuate has been shown * to be epimeric with methyl labd-8(20)-en-15-oate (XXXIV) at 
all centres except C,g), and hence can be written as (X XXIII). 

Attempts were also made to synthesise manoél by similar methods from the un- 
saturated ketone (XXb). Although this compound could not be prepared directly from 
the ketol (XV) by dehydration, a process which led solely to the enol ether (XVI), the 
requisite transformation was effected in the following way. The ketol (XV) was protected 
as the dithiolan (XI Xa). Dehydration with phosphorus oxychloride in pyridine * gave the 
unsaturated thioketal (XXa), which, treated with mercuric acetate, gave the desired 
product (XXb). This material had properties identical with those recorded‘ for the 
oxidation product of manoél. A further valuable intermediate (see above) obtained 
during this synthesis was the keto-acetate (XIXc), prepared via the acetoxydithiolan 
(XIXb). This compound was also prepared, in low yield, by the action of keten on the 
ketol (XV). Pyrolysis of the keto-acetate (XIXc), expected to yield the unsaturated 
ketone (XXb), gave a complex mixture of double-bond isomers. This result was surpris- 
ing in view of Bailey’s work,”* but more recent publications 27 have suggested that his results 
are not of general applicability. A third approach to the unsaturated ketone, involving 
the pyrolysis of the enol ether (XVI), gave only the ketone (IX). 

Ethynylation of the unsaturated ketone (XXb) gave a mixture of diastereoisomeric 
ethynylearbinols (XXIIa) (see above). It was hoped that reduction would give manoél 
and 13-epimanoél (XXIIb), but in fact lithium aluminium hydride caused extensive 
rearrangements of the double-bond system and no useful product was isolated. 


EXPERIMENTAL 


Deactivated alumina refers to alumina treated with 5% of 10% aqueous acetic acid. M. p.s 
are measured on a Kofler block and are corrected. 

m-Methoxyphenylacetylene.—3-Methoxycinnamic acid (10 g.), dissolved in carbon tetra- 
chloride (50 c.c.) in a Pyrex flask, was treated with bromine (3-1 c.c.) by Jones and James's 
method,’ a powerful ultraviolet source being substituted for the less readily available sunshine. 
The dibromide (17-1 g., 90%), m. p. 166°, was recrystallised from carbon tetrachloride. When 
boiled in water (120 c.c.) for 20 min. with its own weight of potassium carbonate, it 
gave w-bromo-3-methoxystyrene (70%), b. p. 140—150°/20 mm. (Found: C, 50-9; H, 4-5; 
Br, 37-0. C,H,OBr requires C, 50-7; H, 4-2; Br, 37-5%). 

A solution of the w-bromostyrene (20 g.) in dry ether (500 c.c.) was added slowly to a stirred 
solution of sodamide (from 23 g. of sodium) in liquid ammonia (1-51.). The mixture was stirred 
during 30 min., then treated with ammonium chloride (40 g.) and worked up in the usual way, 
to give m-methoxyphenylacetylene (9-9 g. 80%), b. p. 93—95°/21 mm. (Found: C, 81-8; H, 
6-1. Calc. for CJH,O: C, 81-8; H, 6-1%). 

The overall yield from m-hydroxybenzaldehyde in this procedure was 41%. 

8-Oxo0-14,15,16,20-tetranorlabdan-13-0ic Acid (1Va).—Podocarp-8(14)-en-7-one © (III) (1-73 
g.) was ozonised according to Turner’s directions,” to give the desired product in 96% yield asa 
glass, b. p. 155—160° (bath-temp.)/0-1 mm. (Found: C, 71-9; H, 9-7. C,gH.,O0, requires C, 


*5 Djerassi and Marshall, Tetrahedron, 1957, 1, 238. 

26 Bailey, |]. Amer. Chem. Soc., 1955, 77, 75, 357. 

27 Royals, J. Org. Chem., 1958, 283, 1822; Froemsdorf, Collins, Hammond, and DePuy, J. Amer. 
Chem. Soc., 1959, 81, 643; Bailey and Hales, ibid., 647, 651; Eglinton and Rodger, Chem. and Ind., 
1959, 256 ‘ 
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71:8; H, 9-8%). Distillation of this keto-acid in quantities greater than 1-5 g. through a 
Vigreux column was found to give a mixture of enol lactone (b. p. 182—187°/0-25 mm.) and 
some charred material. The lactone was hydrolysed to the keto-acid by warm 2Nn-sodium 
hydroxide for 3 hr.; acidification afforded the product which was isolated in ether. 

The keto-acid with dimethyl sulphate and alkali at room temperature gave the methyl ester 
(IVb) (85%) as a pale yellow oil, b. p. 138—145° (bath-temp.)/0-25 mm., m,*** 1-4945 (Found: 
C, 72-6; H, 9-8. C,,H,,O0, requires C, 72-8; H, 10-0%). 

8-Epiambreinolide (V).—(A) A solution of methylmagnesium iodide (from 0-05 g. of magnes- 
ium) in dry ether (12 c.c.) was added dropwise to a stirred solution of the keto-ester (IVb) 
(0-52 g.) in dry ether (25 c.c.), under nitrogen. The mixture was refluxed for 1} hr., cooled, 
mixed with ice, and acidified with dilute sulphuric acid. Extraction with ether gave a pale 
brown oil (0-45 g.) which was chromatographed on deactivated alumina. Elution with 1:1 
light petroleum—benzene gave successively unchanged starting material (205 mg.) and an oil 
(120 mg.), which crystallised. Recrystallisation from light petroleum gave 8-epiambreinolide 
(V), as needles, m. p. 144—146° (Found: C, 77-3; H, 10-4. (C,,H,,O, requires C, 77-3; H, 
10-6%), v (in CS,) 1730s cm.1. The region 700—1400 cm."! was entirely different from that of 
ambreinolide, measured under the same conditions. 

Further elution with 1:1 benzene-ether gave colourless crystals (110 mg.), showing no 
absorption in the region 1700—1750 cm.1, but a complicated band around 3500 cm.}. 
Recrystallisation from ether gave 15-norlabdane-88,13-diol (VIIb), m. p. 139—140°. 

(B) The keto-acid (IVa) (60 mg.) was added, in dry ether (10 c.c.), to methylmagnesium 
iodide (from 80 mg. of magnesium) in ether. The mixture, diluted with tetrahydrofuran (3 
c.c.), was refluxed under dry nitrogen for 2 hr., worked up in the usual way, and divided into. 
neutral and alkali-soluble fractions. The neutral material, after chromatography on a short 
column of deactivated alumina, gave the ketol (VIIa) (20 mg.) (see below), m. p. and mixed 
m. p. 90—91°. The alkali-soluble fraction gave a viscous oil, the infrared spectrum of which 
was typical of a carboxylic acid; this when distilled from a small crystal of potassium 
hydrogen sulphate gave 8-epiambreinolide (15 mg.). 

Wittig Reaction on the Keto-estey (IVb).—A solution of redistilled bromobenzene (15-7 g.) in 
dry ether (50 c.c.) was added dropwise to a stirred suspension of freshly cut lithium (1-47 g.) in 
dry ether (25 c.c.) under dry nitrogen. After the initial reaction had subsided, the mixture was 
refluxed until the remaining lithium was black. The solution was then filtered, under nitrogen, 
through glass wool, into a separatory funnel. 

This solution was added, dropwise, under nitrogen, to a stirred suspension of methyltri- 
phenylphosphonium bromide (5-1 g.) in dry ether (25 c.c.) until only a small amount of solid 
remained. The mixture was then stirred for 1 hr., to ensure that some solid remained (no 
excess of phenyl-lithium present), then added to a stirred solution of the keto-ester (IVb) 
(0-5 g.) in dry ether (100 c.c.), giving rise to a heavy yellow precipitate. Stirring was continued 
overnight. The ether was then replaced by dry tetrahydrofuran, and the mixture was refluxed 
for 6 hr. The solvents were then removed, water was added, and the product taken up in 
ether. Adsorption on deactivated alumina and elution with benzene-ether gave, successively, 
triphenylphosphine oxide, m. p. 154°, and a yellow viscous oil, prolonged evacuation of which 
gave the dioxophosphonium hydroxide (XI) as a resinous solid (Found: C, 78-8; H, 8:3; P, 5-2. 
C,;H,,;0,P requires C, 78-1; H, 8-0; P, 5-7%). The infrared spectrum had a single band at 
1719 cm.1 and was otherwise very similar to the published spectra of phenacylphosphonium 
compounds. 

Pyrolysis of the phosphonium hydroxide (XI) (100 mg.) at 140°/4 x 10° mm. for 2 hr. gave 
(i) a colourless oil (2 mg.) which had an infrared spectrum similar to that of podocarp-8(14)-en- 
7-one (III) and gave a red precipitate with Brady’s reagent, and (ii) triphenylphosphine oxide, (20 
mg.), m. p. 156° (from ether). 

(-+)-88-Hydroxy-14,15-bisnorlabdan-13-one (VIla).—Methyl-lithium was prepared by cut- 
ting lithium metal (3 g., 60 mol.) into dry ether (50 c.c.) under dry nitrogen, and adding methyl 
iodide (40 g.) in dry ether (100 c.c.) at such a rate that refluxing was maintained. The mixture 
was boiled until the remaining lithium was black, then filtered under nitrogen, through glass 
wool, into a solution of the keto-acid (IVa) (1-7 g.) in dry ether (50 c.c.), refluxed for 5 hr., 
cooled, and poured on ice. The product was taken up with ether and washed with dilute 
sodium hydroxide and water. Evaporation gave a pale yellow oil (1-66 g.), which was adsorbed 
on deactivated alumina. Elution with light petroleum gave a colourless oil (121 mg.), b. p. 
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120—125° (bath-temp.)/0-03 mm., having a strong infrared band at 1695 cm. * but no absorption 
in the region of 3500 cm.!._ This material was formulated as 88,13-epoxy-14,15-bisnorlabd-12- 
ene (VI). Elution with benzene gave colourless needles (1-1 g.). These chromatographic 
fractions were all spectroscopically identical (in Nujol), having strong bands at 3450 (OH) and 
1720 (C=O) cm... Recrystallisation from ether gave (-+)-88-hydroxy-14,15-bisnorlabdan-13-one 
(VIIa) as needles, m. p. 90—91° (Found: C, 76-7; H, 11-2. C,,H,,0O, requires C, 77-1; H, 
11-4%). Elution with ether gave colourless needles (120 mg.), m. p. 141—142° (from ether), 
believed to be 15-norlabdane-8$,13-diol (VIIb), v (in Nujol) 3450 (OH) cm.", no carbonyl 
absorption. 

(+)-14,15-Bisnorlabd-8-en-13-one (IX).—(A) The enol ether (VI) (121 mg.), dissolved in 
ethanol (7 c.c.), was treated with 5n-hydrochloric acid (1 c.c.) and kept at 70° for 1 hr., cooled, 
and poured into water. The product, isolated with ether, gave (+)-14,15-bisnorlabd-8-en-13-one 
(IX) (109 mg.), b. p. 127—132° (bath-temp.)/0-01 mm., »,”* 1-5110 (Found: C, 82-0; H, 11-3. 
C,,H3,0 requires C, 82-4; H, 11-5%), v 1718s (C~O) cm... 

(B) The (+)-hydroxy-ketone (VIIa) (0-3 g.) was refluxed in benzene (10 c.c.) for 3 hr. with 
a small crystal of iodine, then cooled and washed with sodium thiosulphate solution. Removal 
of the solvent gave the unsaturated ketone (IX) (0-27 g.), ,,”> 1-5107. 

Oxidation of (—)-Sclareol.—The general conditions described by Ruzicka, Seidel, and Engel 3 
were followed, apart from the stated variations which permit a high yield of either the ketol 
(XV) or the corresponding enol ether (XVI) to be obtained. The sclareol used was supplied by 
Firmenich et Cie., Geneva, and had m. p. 100—102°. 

(A) All apparatus was cleaned with chromic acid and washed with water before use. Finely 
ground “ AnalaR”’ potassium permanganate and “ AnalaR’”’ acetone were used, and the 
oxidation was conducted at 0°. Working up in the usual way gave the enol ether (XVI) (5-2 g. 
from 10-0 g. of sclareol), b. p. 120—125° (bath-temp.)/0-03 mm., which crystallised from 
methanol at —40° as needles, m. p. 44—46°, [a],,2° +5° + 2°, m,?° 1-5137. 

(B) All apparatus was cleaned with chromic acid and washed with sodium carbonate solution 
and water before use. The ‘‘ AnalaR’”’ acetone was further purified by distillation from 
“ AnalaR ”’ potassium permanganate. The oxidation was performed as in (A) except that the 
temperature was never allowed to exceed 25°. The product crystallised spontaneously, with- 
out distillation. Crystallisation from light petroleum gave the ketol (XV), m. p. 89—90°. 

(C) The sodium carbonate washings from (A) and (B) were combined and acidified, and the 
product was isolated withether. This material (0-29 g.), dissolved in glacial acetic acid (1-1 c.c.), 
was maintained at 70° in the presence of red lead (0-83 g.) for 15 min. then treated with aqueous 
glycerol. The organic product, isolated with ether, gave crude ketol (XV) (0-15 g.), m. p. 
65—70°. 

Interconversion of the Ketol (XV) and the Enol Ether (XV1).—(A) The ketol (XV), on treat- 
ment with mineral acid, or on distillation, gave a quantitative yield of the enol ether (XVI). 
(B) The enol ether (XVI) (0-7 g.), dissolved in methanol (210 c.c.), was treated with a solution 
of oxalic acid dihydrate (3-22 g.) in water (42 c.c.), stirred for 45 min. at 25°, and poured into 
water (31.). The product, isolated with ether, was adsorbed on deactivated alumina. Elution 
with light petroleum gave unchanged starting material (0-29 g.). Elution with ether and 
removal of the solvent at room temperature gave the ketol (XV) (0-27 g.), m. p. 89°. The 
conditions described by Ruzicka, Seidel, and Engel* gave only starting material in our 
hands. 

(+-)-14,15-Bisnorlabd-8-en-13-one (IX).—(A) The enol ether (XVI) was treated with hydro- 
chloric acid, under the conditions (A) described for the preparation of the racemic ketone. 
Working up in the normal way gave the product, m,,** 1-5105, [aJ,!® +4:5° + 2°. The infrared 
spectrum (liquid film) was identical with that of the racemic unsaturated ketone. The 2,4-di- 
nitrophenylhydrazone had m. p. 150—151°. 

(B) The hydroxy-ketone (XV) (4-0 g.), treated in the same way as the enol ether in (A), gave 
the unsaturated ketone (3-7 g.). 

(+)-14,15,16-Trisnorlabd-8-en-13-oic Acid (XI1I).—The (-+)-unsaturated ketone (IX) (0-66 
g.), dissolved in pure dioxan (175 c.c.), was stirred at room temperature for 1 hr., during which 
were added in 2 c.c. portions at 3-minute intervals (a) iodine (4-83 g.) and potassium iodide 
(9-9 g.) in water (40 c.c.), and (b) potassium hydroxide (4-0 g.) in water (40 c.c.). The mixture 
was stirred for 2 hr., the colour was discharged with aqueous sodium hydrogen sulphite, and the 
solution made slightly alkaline with aqueous sodium hydroxide. The organic solvent was 





potion 
1-12- 
phic 

and 
3-one 
i 
her), 
onyl 


d in 
oled, 
3-one 
11-3. 


with 
oval 


igel 3 
ketol 
d by 


inely 

the 
2 g. 
from 


ition 
from 
t the 
vith- 


1 the 
ced 
eous 
a Pp 


reat- 
V1). 
ition 
into 
ition 
and 
The 
our 


dro- 
one. 
ared 
4-di- 


yave 


0-66 
hich 
dide 
ture 
the 

was 





(1960) Synthesis of Diterpenes. Part III. 4623 


removed, the solution was acidified, and the product was taken up inether. The ethereal layer 
was then extracted with aqueous sodium hydroxide, the aqueous layer acidified, and the product 
isolated with ether. Removal of the solvent gave the acid (XII) (550 mg.) as a pale brown oil, 
vy 1718s cm.1, with the broadening of the C-H stretching region typical of carboxylic acids. 
The product was used, without further purification, in the preparation of (--)-ambreinolide. 

(+-)-14,15,16-Tvisnorlabd-8-en-13-oic Acid (X1I).—The above procedure, repeated with the 
(+)-unsaturated ketone (IX) (1-7 g.), gave the product (1-4g.). This was used without purific- 
ation, in the preparation of (-+)-ambreinolide. 

(+)-Ambreinolide (XIII).—The (+)-unsaturated acid (XII) (550 mg.) was stirred in 
sulphuric (7-0 c.c.) and glacial acetic acid (17-5 c.c.) at 0° for 5 hr., and then poured on ice, and 
the product was taken up in ether. Unchanged acids (270 mg.), recovered by washing the 
ethereal layer with sodium hydrogen carbonate solution, were treated again with mixed 
sulphuric and acetic acid. The combined neutral products were adsorbed on deactivated 
alumina. Elution with 40% benzene in light petroleum gave a yellow oily y-lactone (43 mg.) 
(XIV?), b. p. 110—120° (bath-temp.)/0-03 mm., v 1770 cm.}. Further elution with 1:1 
benzene-light petroleum gave colourless crystals (201 mg.), that from light petroleum gave 
(+)-ambreinolide as prisms, m. p. 136-5—138-5° (Found: C, 77-6; H, 10-4. Calc. for C,,H.,.0,: 
C, 77°3; H, 10-6%). The infrared spectrum of a CS, solution was identical with that of (+-)- 
ambreinolide measured under the same conditions. 

(+)-Ambreinolide (XII1).—The (+)-unsaturated acid (XII) (1:3 g.) was treated as in the 
previous experiment, to give unchanged starting material (300 mg.), and a neutral fraction 
(1:0 g.), from which was isolated by chromatography a y-lactone (174 mg.), which was not 
further investigated, and (-+-)-ambreinolide (440 mg.), which recrystallised from light petroleum 
as needles, m. p. 143—144°, [a],1® + 29-5° + 2°, mixed m. p. with authentic (-+-)-ambreinolide 
(m. p. 140—142°) 142—143-5° (Found: C, 77-0; H, 10-6. (C,,H,,0, requires C, 77-3; H, 
10-6%). 

(+-)-8«-Hydroxy-14,15-bisnorlabdan-13-one (XV).—A solution of lithium hydroxide (from 
0-04 g. of lithium) in water (25 c.c.) was added to one of (+-)-ambreinolide (430 mg.) in methanol 
(25 c.c.) and the mixture was kept at 50—60° for 15 min. It was then diluted with water 
(25 c.c.) and kept at the same temperature until it became homogeneous (a further 40 min.). 
The solvent having been removed by freeze-drying, the resultant solid was washed with light 
petroleum, to extract unchanged ambreinolide (93 mg.). 

The lithium salt (360 mg.), suspended in dry ether (25 c.c.), and a filtered solution of methyl- 
lithium (from 1-0 g. of lithium) in dry ether (35 c.c.) were refluxed together for 6 hr., under 
dry nitrogen, cooled, and poured on ice. The product was extracted with ether and crystallised 
from light petroleum to give the ketol (XV) (1-5 mg.), m. p. 783—80°, mixed m. p. with authentic 
ketol (m. p. 77—79°) 77—-79°. The mother-liquors were combined and distilled, to give the 
enol ether (XVI), b. p. 115—120° (bath-temp.) /0-03 mm.,m,,?° 1-5140, {a],,2° +4° + 2°. Recrystal- 
lised from methanol at — 40°, this material had m. p. 44—46°, alone or mixed with the authentic 
enol ether. 

8a-A cetoxy-14,15-bisnorlabdan-13-one (XI Xc).—(A) A solution of the ketol (XV) (400 mg.) in 
dry pyridine (1-62 c.c.) and acetic anhydride (4-5 c.c.) was protected from the air and refluxed 
for 64 hr. Cooling and digestion with saturated sodium hydrogen carbonate solution gave 
an oil, the spectrum of which gave no indication of the presence of an acetate group. This 
material was not further investigated. 

(B) The ketol (XV) (52-8 mg.), dissolved in acetic anhydride (1 c.c.), was treated with one 
drop of perchloric acid (60% w/v), then left at room temperature for 45 min. and poured on ice; 
the acetic anhydride was allowed to hydrolyse. The product, b. p. 120—1i125° (bath- 
temp.) /0-03 mm., was identified as the enol ether (XVI). 

(C) The ketol (XV) (0-21 g.) in dry ether (20 c.c.) was cooled to 0°, a small crystal of 
toluene-p-sulphonic acid was added, and keten (from a 500 w keten lamp) was passed into the 
solution through a sintered-glass bubbler for 45 min. A second addition of the catalyst 
(50 mg.) was then made, keten was passed for a further 15 min., and the mixture was poured 
into N-sodium hydroxide. The products isolated with ether gave, after chromatography, the 
enol ether (XVI) (184 mg.), and the desired keto-acetate (XI1Xc) (12 mg.), m. p. 119-5—122° 
(Found: C, 74-7; H, 10-7. Cy gH 3,0, requires C, 74-6; H, 10-6%). 

(D) A solution of the ketol (XV) (3-5 g.) in a mixture of ethanedithiol (5-0 c.c.) and dry 
benzene (10 c.c.) was cooled to 0° and kept at this temperature for 30 min., during which 
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hydrogen chloride was bubbled through the mixture. ‘The supply of hydrogen chloride was 
then cut off, and the mixture left at 0° for lL hr. Volatile materials were removed under reduced 
pressure, and the product was adsorbed on deactivated alumina. Elution with 3: 17 benzene- 
light petroleum gave the ethylene dithioketal of 14,15-bisnorlabd-8-en-13-one (IX) (2-15 g.), b. p. 
145—-155° (bath-temp.)/0-01 mm. (Found: S, 18-5. C,9H,,S, requires S, 18-95%). The infra- 
red spectrum of this product gave no evidence of hydroxyl or carbonyl bands. Hydrolysis 
with mercuric acetate (see below) gave the parent unsaturated ketone (IX), identified as its 
dinitrophenylhydrazone, m. p. and mixed m. p. 150—152°. 

Further elution with benzene gave colourless crystals (2-34 g.). Recrystallisation from light 
petroleum gave the ethylene dithioketal of 8a-hydroxy-14,15-bisnorlabdan-13-one (XIXa) as 
needles, m. p. 113—114° (Found: C, 67-7; H, 10-2; S, 17-8. Cy9H s,OS, requires C, 67-4; H, 
10-1; S, 18-0%). 

A solution of ethylmagnesium bromide (from 0-2 g. of magnesium) in dry ether (5 c.c.) was 
added slowly to a solution of the hydroxythioketal (XI Xa) (272 mg.) in dry ether (10 c.c.), 
under dry nitrogen. The mixture was refluxed for 1 hr., cooled to 0° and treated cautiously 
with a solution of acetic anhydride (2-5 c.c.) in dry ether (10 c.c.), then left overnight. The 
product, taken up into ether, was washed with dilute alkali until the washings remained alkaline. 
Distillation of the solvent gave the ethylene dithioketal of 8a-acetoxy-14,15-bisnorlabdan-13-one 
(XIXb), which crystallised from light petroleum as needles, m. p. 132—134° (Found: C, 66-7; 
H, 9-9; S, 15-8. C,,H;,0,S, requires C, 66-4; H, 9-6; S, 16-1%). 

A solution of mercuric acetate (720 mg.) in water (10 c.c.) was added to a stirred solution of 
the acetoxythioketal (XI Xb) (154 mg.) in acetone (50 c.c.). The mixture was stirred at room 
temperature for 1 hr., then filtered into water (300 c.c.), and the product was taken up into 
ether. Evaporation of the solvent, and extraction with boiling light petroleum, gave needles 
(107 mg.), which, recrystallised from ether, gave 8a-acetoxy-14,15-bisnorlabdan-13-one (XIXc), 
m. p. 119-5—122°, identical with the material described above. 

(+)-14,15-Bisnorlabd-8(20)-en-13-one (XXb).—(A) The keto] (XV) (190 mg.) in dry pyridine 
(1 c.c.) was added to a cooled mixture of phosphorus oxychloride (0-63 c.c.) and pyridine 
(2-25 c.c.). The vessel was then sealed and left at —14° for 17.hr. Pouring the mixture into 
water and isolating the product with ether led to a brown oil which on distillation gave the enol 
ether (XVI) (115 mg.). 

(B) The keto-acetate (XIXc) (20 mg.) was kept at 350° under dry nitrogen for 45 min., 
giving a yellow Oil, vmx, 3170w, 1710s, 1640w, 1250m, 975w, 945w, 930w, 890w, and 830w cm."}, 
that was not investigated further. 

(C) The enol ether (XVI) (363 mg.) was refluxed at atmospheric pressure (bath-temp. 350°) 
under nitrogen for 45 min. The resulting yellow oil was identified as 14,15-bisnorlabd-8-en-13- 
one (IX), ,,!° 1-5108 (2,4-dinitrophenylhydrazone, m. p. and mixed m. p. 149—150°). 

(D) A solution of the hydroxythioketal (XIXa) (330 mg.) in dry pyridine (2 c.c.) was added 
to a well-cooled mixture of phosphorus oxychloride (1-4 c.c.) and dry pyridine (5-2 c.c.). The 
mixture, protected from the air, was left at —14° for 15 hr., then poured into ice-cold sodium 
hydrogen carbonate solution. The oily product, isolated with ether, was dissolved in light 
petroleum and filtered through a short column of deactivated alumina (30 g.). Distillation 
gave the ethanedithioketal (297 mg.) of 14,15-bisnorlabd-8(20)-en-13-one (X Xa) as a colourless 
oil, b. p. 155—165° (bath-temp.)/0-03 mm., n,!* 1-5536, v (liquid film) 3070w, 1645m, 890s 
cm. *. 

A solution of mercuric acetate (0-9 g.) in water (5 c.c.) was added slowly to a stirred solution 
of the unsaturated thioketal (XXa) (450 mg.) in acetone (25 c.c.); stirring was continued for 
lhr. The mixture was filtered into water, and the product, isolated with ether, was adsorbed 
on deactivated alumina and eluted with 3:17 benzene-light petroleum to give unchanged 
starting material (130 mg.). Elution with benzene gave 14,15-bisnorlabd-8(20)-en-13-one 
(XXb), b. p. 100—110° (bath-temp.)/0-01 mm., m,," 1-5092, {a),,! +36-5° + 1° (semicarbazone, 
m. p. 187—189°; 2,4-dinitrophenylhydrazone, m. p. 148—150°) (Found: C, 82-5; H, 11-6. 
Calc. for C,,H3,0: C, 82-4; H, 115%). The infrared spectrum, measured as a natural film, 
was identical with a published spectrum.* Hosking ef al.*8 give b. p. 114—115°/0-12 mm., 
n, 1-5093, [a], +37°, semicarbazone, m. p. 191-5—193° (185—186°), and 2,4-dinitrophenyl- 
hydrazone, m. p. 146—146-5°. 


*8 Hosking and Brandt, Ber., 1935, 68, 37; 1936, 69, 780; cf. ref. 4a. 
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Labd-14-yne-8a,13-diol (XXIa).—(A) A solution of lithium acetylide (from 1-0 g. of lithium) 
in liquid ammonia (100 c.c.) was mixed with a solution of the (+-)-ketol (XV) (0-8 g.) in dry 
tetrahydrofuran (50 c.c.) and poured into a bomb cooled to —70°. The vessel was then sealed, 
warmed to room temperature, and left for 2 days. The ammonia was allowed to evaporate, 
and the organic material from the bomb was isolated with ether, giving a dark brown oil, which, 
dissolved in 3:2 ether-—light petroleum, was filtered through a short column of deactivated 
alumina. Distillation gave the product (XXIa) (0-79 g.), b. p. 125—135° (bath-temp.)/0-03 
mm. 

(B) A solution of the (+)-ketol (XV) (0-8 g.) in dry tetrahydrofuran (100 c.c.) was added 
slowly, with stirring, to a solution of ethynylmagnesium bromide (from 200 mg. of magnesium) 
in the same solvent (100 c.c.). The mixture was stirred under reflux overnight, then worked up 
in the normal way to give a viscous yellow oil which was adsorbed on deactivated alumina. 
Elution with light petroleum gave the enol ether (XVI) (210 mg.). Further elution with 
1:19 ether-light petroleum gave the unchanged ketol (XV) (53 mg.), and elution with 1: 1 
ether-light petroleum gave the desired product (XXIa) (405 mg.). 

This material was reduced without further purification. 

Sclareol and 13-Episclareol (XXIb).—A mixture of the above mixed ethynylcarbinols (0-75 
g.), lithium aluminium hydride (1-0 g.), and dry dioxan (100 c.c.) was refluxed for 5 hr., then 
cooled, and the unchanged hydride was decomposed with ethyl acetate. Ether (150 c.c.) and 
a few drops of water were added, the suspension was filtered, the residue was washed with ether, 
and the combined filtrates were poured into water. The product, isolated with ether, was 
chromatographed on deactivated alumina. Elution with 13:7 ether-—light petroleum gave 
crystals (206 mg.). Further chromatography on deactivated alumina or magnesium trisilicate, 
or graded elution chromatography on deactivated alumina, failed to resolve this material further. 
The infrared spectrum (in Nujol) of the various fractions was always identical. 

All the fractions were combined and recrystallised twice from light petroleum to give a 
mixture of sclareol and 13-episclareol (X XIb) as rods, m. p. 97—98° [mixed m. p. with authentic 
sclareol (m. p. 101—102°), 92—93°], [aj,7® +2° + 2° (Found: C, 77-8; H, 11-9. Calc. for 
CopHy,0.: C, 77-9; H, 11-7%). The infrared spectrum, measured for a CS, solution, was 
almost identical with that of authentic 13-episclareol (see below). In Nujol mull, all three 
spectra were different. Equal weights of sclareol and 13-episclareol were mixed together and 
recrystallised from light petroleum to give rods, m. p. and mixed m. p. with the above product 
96—98°. The infrared spectrum of this mixture (in Nujol mull) was identical with that of 
the above product. 

Further elution with a 13: 7 ether—light petroleum gave unchanged starting material (X XTIa) 
(188 mg.). 

(+)-Labd-8(20)-en-14-yn-13-0l (XXIia) and its Reduction.—The (+)-unsaturated ketone 
(XXb) (150 mg.) in dry ether (20 c.c.) was added, with stirring, to lithium acetylide (from 0-2 g. 
of lithium) in liquid ammonia (200 c.c.). Stirring was continued for 2 hr., and the ammonia 
then removed. The product (XXIIa), isolated in the normal way, was a colourless oil (145 mg.), 
[ai),,1® + 16°, v (in CS.) 3620m, 3320m, 3100w, 1645m (C=C), 1112m (>C=CH,), 887s (>C=CH,) cm.*}. 

This product was reduced with lithium aluminium hydride as described in the previous 
experiment, to a crude product with an infrared spectrum (in CS,) very similar to that of manodl 
(XXX), but with differences in the intensities of the double-bond absorptions. Chromatography 
on deactivated alumina gave three partly separated viscous oils, the infrared spectra of which 
indicated that extensive double-bond rearrangements had occurred. These products were not 
further investigated. 

8«-A cetoxylabd-14-yn-13-o0l (X XIIla and c).—The keto-acetate (XIXc) (620 mg.) in dry ether 
(60 c.c.) was added slowly to a stirred solution of lithium acetylide (from 0-8 g. of lithium) in 
liquid ammonia (300 c.c.). After 3 hr., evaporation of the ammonia, dilution with water, and 
isolation with ether gave brown crystals (619 mg.). Two recrystallisations from ether gave 
colourless needles, m. p. 161—169°, that were adsorbed on deactivated alumina (110 g.). 
Elution with 1: 19 light petroleum—benzene gave successively ‘‘ isomer A ”’ (235 mg.) [(13- 
R)-8«-acetoxylabd-14-yn-13-ol] (XXIIIa) which when rechromatographed and recrystallised 
from light petroleum at —10° gave needles (190 mg.), m. p. 138—140° (Found: C, 76-1; H, 
10-4. C,.H,,0, requires C, 75-9; H, 10-4%), v (in CCl,) 3625w, 3320m, 1735s cm.-}, v (in Nujol) 
3410m, 3250m, 1715s, and 1270scm.!. Further elution gave “ isomer B ”’ (277 mg.) [(13-S)-8a- 
acetoxylabd-14-yn-13-ol] (X XIIIc) which when rechromatographed and recrystallised from ether 
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at —10° gave needles (157 mg.), m. p. 180-5—181-5° (Found: C, 75-9; H, 10-2%), v (in CCl,) 
3540w (OH), 3440w (OH), 3250m (C=CH), 1725s (acetate), and 1240 (acetate) cm.“ (the relative 
intensities of the first two bands were unaffected by dilution), v (in Nujol), 3365m, 3260w, 
1702s, and 1274s cm."!. 

(13-R)-Labd-14-ene-8x,13-diol (Sclareol) (XXIIIb).—A mixture of the acetoxyethynyl- 
carbinol (“isomer A’’; XXIIIa) (135 mg.) and lithium aluminium hydride (0-75 g.) in dry 
dioxan (25 c.c.) was refluxed for 34 hr. The product was isolated with ether in the normal way 
and filtered through deactivated alumina (12 g.) prepared in the same solvent. Removal of the 
solvent and recrystallisation from light petroleum gave sclareol (X XIIIb) as needles, m. p. and 
mixed m. p. 103—104°, {a],™ —3° + 1° (Found: C, 77-9; H, 11-5. Cy9H;,0, requires C, 77-9; 
H, 11-7%). The infrared spectra of this compound and of naturai sclareol were identical in all 
respects when measured for CS, solution and Nujol mull. 

(13-S)-Labd-14-ene-8a,13-diol (13-Episclareol) (XXIIId).—The acetoxyethynylcarbinol 
(‘isomer B’’; XXIIIc) (120 mg.) was treated as described in the previous experiment, and 
gave, after recrystallisation from light petroleum, 13-episclareol (X XIIId) as needles, m. p. 130— 
131-5°, mixed m. p. with sclareol 91—93°, [aj,!* +7-2° + 1° (Found: C, 78-0; H, 11-7%). 
The infrared spectrum of this material in CS, solution was almost identical with that of sclareol, 
but was different when measured in Nujol mull. 

(13-R)- and (13-S)-Labd-8-en-14-yn-13-0l (XXVIIa and c).—A solution of the (+)-un- 
saturated ketone (IX) (4:8 g.) in dry ether (200 c.c.) was added slowly to a stirred solution of 
lithium acetylide (from 5-0 g. of lithium) in liquid ammonia (600 c.c.). After 2 hr., the ammonia 
was removed, and the product, isolated in the normal way, was adsorbed on deactivated alumina. 
Elution with 1 : 4 benzene-light petroleum gave unchanged starting material (1-3 g.). Further 
elution with 2:3 benzene-light petroleum gave a colourless viscous oil (3-68 g.). The first 
1-31 g. of this oil (fraction A) and the final 1-07 g. (fraction B) were separated. Fraction A was 
chromatographed on deactivated alumina (130 g.). The first 0-89 g. was collected and 
rechromatographed to give fore-run (0-41 g.) which was rechromatographed to give a 
new fore-run (90 mg.). The last fore-run, dissolved in methanol (10 c.c.), was diluted to faint 
opalescence with water and treated with a solution of silver nitrate (0-1 g.) in methanol (1 c.c.). 
The precipitated silver derivative was collected and decomposed by boiling it for 24 hr. with 
sodium cyanide (1-0 g.) in water (7 c.c.) and ethanol (1 c.c.). The recovered ethynylcarbinol 
was isolated with ether, filtered in benzene through deactivated alumina (10 g.) and distilled. 
The (13-R)-ethynylcarbinol (XX VIIa) was obtained as a viscous oil, b. p. 105—110° (bath- 
temp.)/0-03 mm., {aJ,,2* +74° + 1°. 

Fraction B was treated in the same way, the chromatographic tail fractions being collected 
in this case. Purification via the silver derivative and distillation gave the (13-S)-ethynyl- 
carbinol (XXVIIc), b. p. 105—110° (bath-temp.)/0-03 mm., [a], +28° + 1°. The infrared 
absorption of these products in CS, was identical: v 3540m (OH), 3250m (C=CH), 1210 (C—O) 
cm.+. Nocrystalline derivatives could be obtained. 

(13-R)-Labd-8,14-dien-13-ol (XXVIIb) (Isomanodl).—A solution of the (13-R)-ethynyl- 
carbinol (XXVIIa) (80 mg.) in light petroleum (3 c.c.) was hydrogenated in the presence of 
Lindlar’s catalyst (48 mg.). After 15 min. 5-0 c.c. of hydrogen had been absorbed (calc. 6-25 c.c.) 
and hydrogen uptake had almost ceased. The reaction was stopped at this stage, the catalyst 
and solvent were removed, and the unchanged acetylene was precipitated as the silver complex 
as in the preceding experiment. The filtrate was distilled to give isomanoél (XXVIIb), b. p. 
130—135° (bath-temp.)/0-4 mm., [{a],?* +73-5° + 1° (Found: C, 82-5; H, 11-4. C,9H;,0 
requires C, 82-8; H, 11-7%), €915 om-1 179 (in CS,). 

(13-S)-Labd-8,14-dien-13-0l (XXVIId) (13-Epi-isomanodél).—The  (13-S)-ethynylcarbinol 
(XXVIIc) (100 mg.) was hydrogenated as described in the previous experiment, to give 13-epi- 
isomanodl (XXVIId), b. p. 125—130° (bath-temp.)/0-3 mm., [a],,!*° +27-5° + 1° (Found: C, 
82-9; H, 11-7%), 915 cem-1 175 (in CS,). 

Under the same conditions of measurements, manodl had €94 om.-1 195. 

Tsomanoél from Sclareol_—Sclareol (10 g.) was refluxed for 7 hr. with acetic anhydride and 
pyridine, as in the directions of Biichi and Biemann.”® The acetyl groups in the product were 
then removed by reduction with lithium aluminium hydride.”* The resulting oil was chromato- 
graphed on deactivated alumina. Elution with light petroleum gave a colourless oil (0-35 g.), 

; assumed to be a mixture of hydrocarbons and not investigated. Further elution, with 2:3 
benzene-light petroleum, gave an oil (4-46 g.), b. p. 120—125° (bath-temp.)/0-1 mm. whose 
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infrared spectrum (in CS,) was very similar to that of manodl, the differences being attributable 
to some rearrangement of the exocyclic double bond. 

This material was chromatographed on deactivated alumina a further four times. In each 
case, the weight of adsorbent was 120 times that of the material adsorbed, and the column 
length was 10—15 times its diameter. The first third of the material eluted from the column, 
each time, was collected and distilled [b. p. 110—120° (bath temp.)/0-02 mm.]. The infrared 
spectrum of each fraction in CS, solution was measured, and the extinction coefficients of the 
bands at 918 and 887 cm."! were calculated. The extinction coefficient of the band at 918 cm.*? 
was normalised in each case to 195, and the amount of isomanodl in the mixture was calculated 
by comparing the band at 887 cm. with the corresponding band in manoél. The results are 
summarised in Fig. 1. 

The final fraction (85 mg.) (Found: C, 82-6; H, 11-6%) contained 43% of isomanodl, and 
had an infrared spectrum intermediate between those of mano6l and isomanodl (Fig. 2). 

Methyl 8a-Hydroxylabd-13-en-15-oate (X XVIIIb).—A solution of ethoxyacetylene (1-5 g.) in 
dry ether (15 c.c.) was added slowly to a mixture of dry benzene (30 c.c.) and a solution of ethyl- 
magnesium bromide (from 0-43 g. of magnesium) in ether (30 c.c.), at 0° under nitrogen. The 
mixture was refluxed for 45 min., cooled to 0°, treated with a solution of the (+ )-ketol (XV) 
(0-44 g.) in dry ether (10 c.c.), refluxed for a further 17 hr., cooled, and decomposed with 
saturated ammonium chloride solution. The product (530 mg.), isolated in the normal way, 
was refluxed in methanol (25 c.c.) for 5 min. The solvent was then removed, and the residual 
oil was adsorbed on deactivated alumina. Elution with light petroleum gave the enol ether 
(XVI) (95 mg.). Further elution with 1: 1 light petroleum—benzene gave an oil (221 mg.), b. p. 
120—130° (bath-temp.)/0-:03 mm. This material, v (liquid film) 1720s, 1150s cm.1, had no 
absorption in the region of 3500 cm."!; and was considered to be a mixture of the unsaturated 
esters (XXIXb) (Found: C, 79-6; H, 10-9. Calc. for C,,H,,0,: C, 79-3; H, 10-7%). Further 
elution with benzene gave successively crystals (47 mg.), which when crystallised twice from 
light petroleum at —11° gave isomer A of the unsaturated ester (XX VIIIb), m. p. 133—133-5° 
(lit.,23 m. p. 132—134°), and an oil which recrystallised from light petroleum at —11° to give 
rods of isomer B of the unsaturated ester (XXVIIIb) (138 mg.), m. p. 100—101° (lit.,2 m. p. 
99—101°). 

(13-R)- and (13-S)-Methyl 8a-Hydroxylabdan-15-oate (Methyl Labdanolate and Methyl 13- 
Epilabdanolate) (XX VIIIc and d).—Isomers A and B of the unsaturated ester (XX Xb) were 
combined (185 mg.) and hydrogenated under atmospheric pressure over Adams catalyst 
(47-5 mg.) in ethanol (12.c.c.). The catalyst was removed and the solvent evaporated. Chrom- 
atography on deactivated alumina gave, on elution with 3: 7 light petroleum—benzene, a single 
band, the end fractions of which were investigated. The first fraction (37 mg.) gave crystals of 
methyl 13-epilabdanolate (XXVIIId) which, after two recrystallisations from light petroleum 
at —15°, had m. p. 72-5—-73-5°, mixed m. p. with methyl labdanolate 60—62°, [a|,"° +-3° + 2° 
(lit.,2 m. p. 72—74°, [a], +2°) (Found: C, 74-0; H, 11-1. Calc. for C,,H,,0,: C, 74-6; H, 
11-2%). The infrared spectrum of the compound in CS, solution had a single sharp band at 
3540 cm."!, indicating the absence of intramolecular hydrogen-bonding. In Nujol mull, the 
spectrum was identical with that published.** The final fraction (33 mg.) was recrystallised 
from light petroleum to give methyl labdanolate (XX VIIIc) as needles, m. p. and mixed m. p. 
71—73°, [a],'* —7-5° + 2-5° (lit.,2° m. p. 73—74°, [a|,, —8-0°) (Found: C, 74:3; H, 11-1%). 
The infrared spectra of this compound and of authentic labdanolic ester were identical (in CS, 
and in Nujol mull). There was a single sharp band at 3540 cm. in CS, solution, indicating the 
absence of intramolecular hydrogen-bonding. 





We are grateful to Professor E“ Lederer and to Dr. T. G. Halsall for providing specimens of 
(+)-ambreinolide and methyl labdanolate respectively, and to the Medical Research Council 
for the award of a Research Studentship (to D. B. B.). 
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894. Metabolic Products of Penicillium patulum. 
By W. J. McMaster, A. I. Scott, and S. TRippett. 


The isolation of five metabolites from cultures of Penicillium patulum is 
described. Two of these are new compounds * for which constitutions (V; 
R = Me, R’ = H) and (VII) are proposed. The remaining substances have 
been related to degradation products of griseofulvin. 


CERTAIN strains of Penicillium patulum produce different related metabolites according to 
the cultural conditions. For instance, 6-methylsalicylic,’? 6-formylsalicylic,! and 3- 
hydroxyphthalic acid ! represent blocked or alternate pathways in the genesis of patulin; 2 
gentisic acid, gentisyl alcohol, and gentisaldehyde are elaboration products,’ also corre- 
sponding to four units of acetic acid, while the biogenesis of 6-methylsalicylic acid from 
acetate is authenticated * for the related P. griseofuluum fermentation; biogenesis of 
patulin * probably proceeds from acetate through 6-methylsalicylic acid, etc. 

Griseofulvin (I) has been proved ® to be formally derived from seven units of acetic acid 
(e.g., as II). By showing’ that the spiran system of the griseofulvin molecule may be 
formed in vitro by one-electron oxidative coupling of a benzophenone (III —» IV), we 
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(IV) (VI) 

recently provided a laboratory analogy for the mechanism of griseofulvin biogenesis 
suggested by Barton and Cohen.’ In the hope of isolating further metabolites based on 
seven acetate units which might provide insight into the exact biogenesis of griseofulvin 
we have examined the material remaining after extraction of griseofulvin from ferment- 
ations of mutant strains of Penicillium patulum. 

The resin obtained by evaporating the methanol-soluble portion of the mother-liquors 
was extracted with chloroform and separated into neutral (45%) and acidic fractions. The 
neutral portion, on chromatography, gave almost equal amounts of griseofulvin ® (I) anda 
compound, C,,H,;0,Cl, [a], —23°, whose ultraviolet (Amax, 242, 289, 330 my) and infrared 
(Vmax. 1715, 1676 cm.-!) bands, together with a mixed m. p. determination, established its 
identity as dehydrogriseofulvin 7 (IV), {«J,, —26°. 

From the fraction (2%) of resin extractable into sodium hydrogen carbonate solution 
chromatography yielded two further metabolic products. One of these, C,,H,,0;, contains 

* These are respectively identical with griseoxanthone C and griseophenone Y isolated from P. 
patulum by Dr. Rhodes at Glaxo Laboratories Ltd., Sefton Park. 


1 Bassett and Tanenbaum, Experientia, 1958, 14, 38. 
2 Ehrensvard, Exp. Cell. Res., 1955, Suppl. 3, 102. 
3 Birkinshaw, Bracken, Michael, and Raistrick, Lancet, 1943, 245, 625; Birkinshaw, Bracken, and 
Raistrick, Biochem. J., 1943, 37, 726. 
4 Birch, Massy-Westropp, and Moye, Austral. ]. Chem., 1955, 8, 539. 
5 Bu’Lock and Ryan, Proc. Chem. Soc., 1958, 222. 
® Birch, Massy-Westropp, Rickards, and Smith, J., 1958, 360. 
7 Scott, Proc. Chem. Soc., 1958, 195; Day, Nabney, and Scott, Proc. Chem. Soc., 1960, 284, 
* Barton and Cohen, “‘ Festschrift A. Stoll,” Birkhauser, Basle, 1957, p. 117. 
® Grove, Macmillan, Mulholland, and Rogers, /.,.1952, 3949. 
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one methoxyl group, gives a red-brown ferric chloride colour, and has ultraviolet and 
infrared spectra indicating a 1,6-dihydroxyxanthone chromophore (see Table). Since 
structural elucidation of xanthones is tedious © we invoke first a biogenetic argument. 
The simplest mode of condensation of acetic acid units (as II) to a fully aromatic system 
leads to the benzophenone (VI) which by oxidation and methylation in unknown sequence 
would lead to griseofulvin. An alternative is xanthone formation ™ from the ketone (VI), 
leading to structure (V; R, R’ = H or Me) for our compound. This was confirmed by 
partial methylation with ethereal diazomethane which gave 1-hydroxy-3,6-dimethoxy-8- 
methylxanthone (lichexanthone) (V; R = R’ = Me) identical with the natural substance.! 
The structure (V; R = Me, R’ = H) was finally proved by comparison with the 6-methyl 
isomer '8 prepared by an unambiguous synthesis. The implications of the isolation of this 
substance from the culture medium will be discussed elsewhere. 


Light absorption of xanthones. 


C=O band 
(in CHCI,) 
Xanthone deriv. Amax. (my) € (cm.~1) 
1-Hydroxy-3,6-dimethoxy* ......... 238, 251, 307, 337 33,000, 26,000, 21,400, 10,500 1653 
1-Hydroxy-3,6,7-trimethoxy¢ ...... 238, 256, 309, 356 23,500, 32,000, 17,000, 12,300 1647 
1-Hydroxy-3,6-dimethoxy-8- 
methyl? (lichexanthone) ......... 242, 254, 306, 340 35,500, 27,000, 22,500, 5600 1648 
1,6-Dihydroxyxanthone _ ............ 247, 269, 305, 355 20,000, 10,000, 12,600, 6400 —_ 
C,3H,.2O;° (V; R= Me, R’= H) 242, 269, 309, 340 37,000, 9000, 23,000, 7000 1647 


* Yates and Stout, J. Amer. Chem. Soc., 1958, 80, 1691. % This work. 


The second acidic substance, C,,H,,0,;Cl, contains two methoxyl groups, gives a red- 
brown ferric colour, and is assigned structure (VII) for the following reasons. Ultraviolet 
(Amax. 296 my) and infrared [max 3550 (free OH), 3350 (bonded OH), 1610 (bonded aromatic 
C=O)] spectra suggested a 2-hydroxybenzophenone system, with a further, free hydroxyl 
group. Because of the small amount available we next employed a physical method to 
determine the distribution pattern of the substituents. Dr. Reed and Mr. Wilson of this 


Or 


(VIII) (IX) 


Department have shown that the mass spectrum of a benzophenone, e.g., (VIII), has peaks 
with the following mass assignments: R°C,H,°CO-C,H,’R’; R°C,H,CO; R”“C,H,-CO; 
R-C,H,; R’*C,H,. The spectrum of our metabolite had peaks at 336, 199, 171, 165, 
and 137 in agreement with the values calculated for structure (VII), namely, A-CO-B; 
A:CO; A; B-CO; B. Thus the relative masses of rings A and B are determined rigorously. 
We place the methyl group at position 4 in ring A by analogy with the structures of geodin ™ 
and sulochrin.4 The alternative position 2 predictable on biogenetic grounds was 
excluded by the following experiments. Treatment of the metabolite (VII) with base 
afforded a xanthone whose negative ferric chloride reaction showed the absence of a 
l-hydroxyl group. After treatment of this xanthone with acid an intense ferric chloride 
colour showed that a methoxyl group next to the xanthone carbonyl group had been 
hydrolysed. [We find that 2-hydroxy-2’-methoxybenzophenones lose methanol readily 
under very mild basic conditions, yielding xanthones. A mechanism for this was proposed 


10 Roberts, J., 1960, 785. 

1 Cf. Barton and Scott, J., 1958, 1767. 

12 Asahina and Nogami, Bull. Chem. Soc. Japan, 1942, 17, 202. 
13 Grover, Shah, and Shah, J. Sci. Ind. Res., 1956, 15B, 629. 

14 Nishikawa, Acta Phytochim. Japan, 1939, 11, 167. 
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by Barton and Scott; the present case is a further example. In addition to the base- 
catalysed reaction, we observed that the Zeisel methoxyl determination consistently gave 
values of exactly one methoxyl group less than those calculated for the benzophenone. 
This we explain as an acid-catalysed elimination of methanol (X —» XI) which distils 
before it can be transformed into methyl iodide; in agreement with this, heating the 
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(X) (XI) 
mixture under reflux for an hour before distillation of methyl iodide leads to correct 
methoxyl values. ] 

From the fraction obtained by extraction with sodium hydroxide solution were 
obtained, after chromatography, a further quantity of our xanthone, together with a 
ketone (III), previously obtained ? by degradation of griseofulvin and by total synthesis. 

Finally, in addition to smaller amounts of our xanthone and the benzophenone (III), 
the aqueous broth concentrates afforded 4,6-dimethoxy-2’-methylgrisan-3,4’,6’-trione 
(IX), identified by analysis, etc., and comparison with a sample prepared by hydro- 
lysis of dechlorogriseofulvin. 

The isolation of the new metabolites strongly suggests that biogenesis of griseofulvin is 
based on the sequence, acetate —» benzophenone —» spirodienone, but we reserve 
comment until our experiments with isotopically labelled intermediates are complete. 


EXPERIMENTAL 


Ultraviolet spectra were determined for EtOH solutions with a Unicam S.P. 500 spectro- 
photometer. Infrared spectra were determined by Dr. G. Eglinton and his associates. Neutral- 
ised alumina was standardised according to Brockmann’s method. Silica gel for chrom- 
atography was obtained from Messrs. Hopkin and Williams Ltd. Rotations are for acetone 
solution. M. p.s were determined on the Kofler block. Microanalyses are by Mr. J. M. L. 
Cameron and his staff. 

Cultural Conditions.—P. patulum was grown according to the specification in B.P. 784,618, 
and the griseofulvin removed from the medium as described therein. 

The resin (25 g.) deposited on concentration of the methanol washings was separated into 
the following main fractions: (a) Chloroform-soluble: (i) 2% soluble in aqueous sodium 
hydrogen carbonate; (ii) (50%) soluble in 2N-sodium hydroxide; (iii) neutral (45%); (b) chloro- 
form-insoluble (3%). 

3,8-Dihydroxy-6-methoxy-1-methylxanthone (V; R = Me, R’ = H).—The crude solid (500 
mg.) obtained by acidification of the hydrogen carbonate extract was chromatographed over 
silica gel (15 g.) in benzene. Elution with benzene—chloroform (3:7) gave the xanthone as 
buff-coloured needles (300 mg.), m. p. 253—255° after repeated crystallisation from methanol, 
Vmax, (KCI disc) 3300, 1655 cm."1, vax. (in CHCI,) 1647 cm. (Found: C, 66-15; H, 4:7; OMe, 
9-5. C,,H,.O; requires C, 66-15; H, 4-45; 1OMe, 11-4%) (for Amax see Table). The compound 
gave a violet-brown colour with alcoholic ferric chloride. On admixture with a sample of 
6-demethyl-lichexanthone a m. p. depression of 25° was observed. 

Methylation. This xanthone (65 mg.) was left in ethereal diazomethane overnight at room 
temperature. Removal of ether im vacuo gave a pale yellow solid which after three recrystallis- 
ations from methanol gave lichexanthone (l-hydroxy-3,5-dimethoxy-8-methylxanthone) as 
pale yellow needles, m. p. and mixed m. p. 186—187°, Vmax (in KCl) 1646, vagy (in 
CHCl,) 1647 cm. (Found: C, 66-85; H, 4-7; OMe, 21-1. Calc. for C,,H,,O;: C, 67-1; H, 
4-95; 2OMe, 21-7%) (cf. Table). The ultraviolet and infrared spectra of lichexanthone gave 
identical values. 


18 Macmillan, J., 1953, 1697. 
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3-Chloro-2,4’-dihydroxy-6,2’-dimethoxy-4,6’-dimethylbenzophenone (V11).—The later fractions 
(benzene—chloroform ; 3:7) from the above chromatogram, when recrystallised from aqueous 
methanol, afforded yellow needles (30 mg.), m. p. 181—182°, giving a brown ferric colour and a 
positive Beilstein test and having Amax, 296 my (¢ 18,000) vax. (in Nujol) 3200, 1610, vax (in 
CHCI,) 3500, 3350, 1610 cm.? (Found: C, 60-5; H, 5-1; Cl, 10-3; OMe, 17-95. C,,H,,0,Cl 
requires C, 60-7; H, 5-1; Cl, 10-5; 20Me, 18-4%). The mass spectrum had peaks at 336, 199, 
161, 165, and 137 (< 0-3, 3-3, 0-3, 6-6, and 4-8 respectively). 

After this benzophenone (10 mg.) had been heated in 2% alcoholic potassium hydroxide 
solution (20 c.c.) for 2 hr., acidification and isolation in ether gave 4-chloro-6-hydroxy-1l-meth- 
oxy-3,8-dimethylxanthone, m. p. 199—201° (4 mg.), as pale yellow needles (from methanol), 
giving no immediate colour with ferric chloride solution, Amax, 241, 255 (sh), 310 my (¢ 37,000, 
23,000, and 21,000 respectively), vnax, (in CHCl,) 3650, 1648 cm.! [Found: M (in mass 
spectrometer), 304. Calc. for C,gH,,;ClO,: M, 304). This (1 mg.) was heated in a solution of 
methanol (20 c.c.) containing 6N-sulphuric acid (3 c.c.) on the steam-bath for 1 hr., and the 
cooled solution was evaporated to 5 c.c. in vacuo and extracted with ether; the resultant crude 
extract gave an immediate intense green colour with ferric chloride solution. 

3-Chloro-2,4’-dihydroxy-2’,4,6-trimethoxy-6’-methylbenzophenone (II1).—Acidification of the 
sodium hydroxide extract gave a dark red resin (12-4 g.). Chromatography of part (2-6 g.) of 
this material in benzene—chloroform (2 : 3) over silica gel (80 g.) gave two fractions eluted with 
this solvent mixture. Fraction (i) was almost pure xanthone (V; R = Me, R’ = H) (30 mg.), 
m. p. and mixed m. p. 252—254°. Fraction (ii) after several crystallisations from ether-light 
petroleum (b. p. 40—60°) afforded the benzophenone (III) (800 mg.) as yellow needles, m. p. 
and mixed m. p. 212—214°, Amax, 298 (¢ 17,400), Vmax, 3330 and 1615 cm. (natural and synthetic 
material identical), giving a mass spectrum (352, 215, 187, 165, and 137 (¢ 0-95, 1-9, 1-9, 0-8, and 
0-7 respectively). 

(—)-Dehydrogriseofulvin (IV).—The neutral fraction (11-0 g.) had m. p. 245—255°, [a] 
+157° (c 1-40). Chromatography of this mixture (1-2 g.) in benzene over alumina (grade III) 
gave griseofulvin (0-5 g.), m. p. and mixed m. p. 220—221°, [a],, +350° (c 1-5). Later fractions 
eluted with 99: 1 benzene-ether gave dehydrogriseofulvin (0-4 g.) which after sublimation at 
220°/10°* mm. and ten recrystallisations from chloroform-ether had m. p. 270—275° undepressed 
on admixture with (—)-dehydrogriseofulvin {[«],, — 26°, and {a],, —23° (c 0-5)} (Found: C, 58-30; 
H, 4:50. Calc. for C,,H,,ClO,: C, 58-2; H, 43%). The natural and synthetic compound had 
identical light absorption. 

Examination of the Aqueous Broth Concentrate from P. patulum.—Concentrated aqueous 
mother-liquors (3 1.) were brought to pH 12 by addition of sodium hydroxide solution, and 
solid matter (20 g.) was filtered off. This consisted of resin containing griseofulvin (30%). The 
material in the filtrate was separated into neutral and acidic fractions. The neutral portion 
(5 g.) was a 1:1 mixture of griseofulvin and dehydrogriseofulvin. The fraction soluble in 
aqueous sodium hydroxide gave a small amount of a mixture of the benzophenone (III) and 
the xanthone (V; R = Me, R’ = H). 

The sodium hydrogen carbonate extract was acidified and extracted with chloroform which 
removed a resin (6 g.). Chromatography of this resin on silica gel in benzene afforded com- 
pound (IX) (600 mg.), m. p. 245—248° (decomp.) alone or mixed with a sample prepared by 
hydrolysis of dechlorogriseofulvin; it had {a}, +420° (c 0-25 in 2N-sodium hydroxide) (Found: 
C, 62-35; H, 5-45. Calc. for C,,H,,0O,: C, 63-2; H, 53%). The infrared spectra of the 
metabolite was identical with that of authentic material. 





We thank Professor R. A. Raphael for much helpful discussion and encouragement, 
Drs. Macrae and Hems (Glaxo Laboratories Ltd.) for placing residues from large-scale griseo- 
fulvin fermentations at our disposal, Professor S. Shibata (Tokyo) for a sample of lichexanth- 
one, Dr. G. Somerfield (Glaxo Laboratories Ltd.) for a sample of demethyl-lichexanthone, and 
Glaxo Laboratories Ltd. for a Fellowship (to W. J. McM.). 
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895. The Organic Chemistry of the Transition Metals. Part II.* A 
Spectroscopic Investigation of Polynuclear Iron Carbonyls and Derived 
Anions. 


By J. R. Case and M. C. WuitINc. 


The oxidation products of alkaline solutions of iron hydro-carbonyl have 
been investigated spectroscopically, and successive formation of bi- and tri- 
nuclear species has been demonstrated. The interconversions, often complex, 
of these and the known polynuclear carbonyls have been studied, and earlier 
results are reviewed and re-interpreted. 


Durinc work on the preparation of complexes, RC:CR!,H,Fe,(CO),,}° from basic solutions 
of iron pentacarbonyl and acetylenes it became necessary to identify the species which 
were present before the acetylenic component was added. In the literature ** there are 
contradictory accounts of the transformations which can take place in basic solutions of 
iron pentacarbonyl. It is clear that the initial products (eqn. 1) are salts of the hydride 
H,Fe(CO), which is a weak acid (K, = 4 x 10°, K, = 4 x 104). The solutions obtained 
possess strong reducing properties and have been shown * to hydroformylate and/or to 
isomerize certain olefins. 


Fe(CO), + 3HO- ——p [HFe(CO),J-+CO,-+HO ....... 


Krumholz and Stettiner® have reported that aqueous solutions of KHFe(CO), are 
stable provided that oxidizing agents are rigorously excluded. Sternberg, Markby, and 
Wender,‘ on the other hand, suggest that (under their very slightly different conditions) 
the ion [HFe(CO),]~ slowly dimerizes to [H,Fe,(CO),]*-, which then gives [Fe,(CO),]*~ by 
spontaneous decomposition or oxidation. The observed absorption maxima at about 
4750 and 5350 A were assigned respectively to these two binuclear species, to which the 
hydrogen transfer and hydroformylation reactions were attributed. Sternberg and his 
co-workers did not study the effect of oxidizing agents on their solutions of NaHFe(CO), 
although their scheme requires the oxidation to be preceded by the dimerization of 
[HFe(CO),]-, which on the evidence cited is a slow process. The American workers 4 
were able to isolate solid sodium and nickel tris-o-phenanthroline salts from their aged 
solutions, but their analytical data, although proving the presence of polynuclear 
carbonyl hydride anions of some type, did not distinguish between di- and tri-nuclear 
derivatives. 

We have verified that two species—and apparently, only two—were spectroscopically 
detectable in aged solutions of the mononuclear hydro-carbonyl anion, with absorption 
maxima close to the reported wavelengths. In our experiments, however, rigorous exclu- 
sion of air and light prevented their formation. On illumination in the absence of air 
or when any of several oxidizing agents (including air) was added these maxima appeared 
successively. We therefore doubted the representation of ‘“ the 4800 A species ” as simply 
a dimer of the hydro-carbonyl anion; both species appeared to be oxidation products. 
Indeed, with active manganese dioxide 7 the reaction almost stopped at the 4800 A stage, 
whilst more vigorous oxidation, e.g., with excess of nitromethane, led through the 4800 A 
and 5400 A stages to ferric hydroxide and a colourless solution, methylamine being formed. 


Part I, J., 1959, 551. 


. 
1 Reppe and Vetter, Annalen, 1953, 582, 133. 

® Sternberg, Friedel, Markby, and Wender, J. Amer. Chem. Soc., 1956, 78, 3621. 

§ Clarkson, Jones, Wailes, and Whiting, ]. Amer. Chem. Soc., 1956, 78, 6206. 

* Sternberg, Markby, and Wender, J]. Amer. Chem. Soc., 1956, 78, 5704; 1957, 79, 6116. 
5 Hieber and Brendel, Z. anorg. Chem., 1957, 289, 324. 

8 Krumholz and Stettiner, ]. Amer. Chem. Soc., 1949, 71, 3035. 

? Attenburrow, Cameron, Chapman, Evans, Hem’, Jansen, and Walker, J., 1952, 1104. 
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Any solution containing the 4800 A species as the main spectroscopically evident con- 
stituent changed on weak acidification (e.g., with acetic acid to pH 4—6) to one of the 
5400 A species, even in the absence of air. 

Hieber and Brendel® have suggested that the effect of oxidizing agents (including 
manganese dioxide) on solutions of [HFe(CO),}~ is the production of anions derived from 
H,Fe,(CO),. They also state that the anions from H,Fe,(CO), and H,Fe,(CO),, might 
be generated in solutions of KHFe(CO), by the spontaneous decomposition of the free 
hydride H,Fe(CO),, produced in turn by hydrolysis. These workers reported that these 
solutions were red, but did not isolate crystalline salts, or study the solutions spectro- 
scopically. They did, however, prepare solid salts of these hydrides from the polynuclear 
carbonyls Fe,(CO), and Fe,(CO),,. For example, after successive treatment of Fe,(CO),. 
with alkali and acetic acid they were able to precipitate the well-defined salt 
Me,N*[HFe,(CO),,]~. We readily obtained this salt by the same method, and an analogous 
triethylammonium salt from iron pentacarbonyl and triethylamine under vigorous condi- 
tions.? In solution both salts showed an absorption maximum at 5400 A (approx.) and 
the log ¢,, versus wavelength curves were identical and almost parallel to those obtained 
by the oxidation of KHFe(CO),, e.g., with iodine or nitromethane, or by heating iron 
pentacarbonyl with ethanolamine (Fig. 1), and little dependent on the solvent used. On 
treatment with mineral acids these trinuclear salts rapidly yielded iron dodecacarbonyl 
(Amax, 6050 A). 
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Fic. 1. Species of Amax.5400: (a) MegN*{HFe,(CO),,]-, eat. 1030 at maximum; (6) Et, NH*t[HFe,(CO),,]-, 
Eat, 1020; (c) treatment of KHFe(CO), 4- K,CO, with excess of CH,"NO,, €,4.420; (d) neutralisation 
of solution of K,Fe,(CO), + K,CO, to pH 7, e+, 750; (e) heating Fe(CO), with ethanolamine, 
eat, 600; (f) treatment of Fe,(CO),,. with excess of K,COg, eat, 900. 

Fic. 2. Species of Amax. 4800: (a) Fe,(CO), + 4KOH, ey. 1040; (b) Fe,(CO), + 3KOH, ey, 1020; 
(c) KHFe(CO), + K,CO, + excess MnQO,, ext, 520; (d) KHFe(CO), + K,CO, + CH,*NO, (0-18 
mol.), eat. 400; (e) Fe,(CO),, + 5KOH, eg. 880. 


Hieber and Brendel ® were able to prepare solutions of salts of H,Fe,(CO), from iron 
enneacarbonyl, Fe,(CO),. Following their method, we were easily able to dissolve this 
very insoluble compound in four equivalents of methanolic potassium hydroxide; when a 
ball-mill was used it was possible to dissoive the carbonyl in only three equivalents, 


Feq(CO), + 3HO~ —w [HF e(CO),]J- + CO, or [Fe(CO),J*- 4+ HCO . . . 


giving a solution of pH 10. These solutions had absorption maxima at 4800 A and behaved 
like those obtained by treatment of solutions of KHFe(CO), with manganese dioxide; 
acidification to about pH 4 rapidly gave the 5400 A species whereas mineral acid gave 
iron dodecacarbonyl. Again, the log e:, versus wavelength curves were parallel for the 
solutions obtained in these different ways (Fig. 2). 


® Hieber, 7. anorg. Chem., 1932, 204, 165. 
® BASF (M. Heintzeler), D.B.P. 928044, KI. 12n (1955). 
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We therefore agree with Hieber and Brendel’s hypothesis > that the oxidation of salts 
of H,Fe(CO), gives, successively, salts of H,Fe,(CO), and of H,Fe,(CO),,. This implies 
that in the experiments of Sternberg, Markby, and Wender ‘ the 4750 A maximum assigned 
to salts of H,{H,Fe,(CO),] really belongs to salts of H,Fe,(CO),, whilst the maximum at 
5350 A, assigned to the latter, must be attributed to salts of H,Fe,(CO),,. If the dimer 
of [HFe(CO),)}~ exists at all, it must be non-absorbing and rapidly formed; however, the 
hydroformylation, reductive, and catalytic properties of these solutions can all be explained 
on the basis of the species derived from H,Fe(CO),, H,Fe,(CO),, and H,Fe,(CO),, known 
to be present, and no reason remains for postulating that ion. The instability of the 
solutions of NaHFe(CO), used by Sternberg, Markby, and Wender* may have been 
connected with the presence of an excess of iron pentacarbonyl when they were prepared. 

However the species concerned was obtained, neither of the absorption curves re- 
produced (Figs. 1 and 2) underwent a rapid and reversible change on varying the pH 
value. This means either that these anions do not alter in absorption spectrum with 
degree of protonation—which is conceivable but would be surprising—or that only one 
degree of protonation is observed for the binuclear anion over a pH range of 10—14, and 
for the trinuclear anion over the range 5—14. Below pH about 10 and 5, respectively, 
irreversible reactions became too rapid for spectra to be obtained. 

In one respect our results differ sharply from those of Hieber and Brendel.> When 
these authors treated iron dodecacarbonyl with methanolic potassium hydroxide (1—2y) 
they obtained solutions described as “ tief rotbraun;’’ these were believed, not un- 
naturally, to contain the anion [Fe,(CO),,]?": 





Fe,(CO),s + 4HO- —® [Fe,(CO),,J*-+CO,- ....... 


and with nickel tris-o-phenanthroline dichloride and hexamminenickel dichloride pre- 
cipitates giving good analyses for the expected neutral trinuclear salts were obtained. We, 
on the other hand, found that with potassium carbonate * solution the purple-red solution, 
Amax. 9400 A, of the trinuclear anion was indeed formed (Fig. 1), but that with methanolic 
potassium hydroxide the deep brownish-red solution obtained had exactly the spectrum 
of the binuclear anion (Fig. 2). Some ferrous hydroxide and potassium methyl carbonate 
were obtained, as described by Hieber and Brendel ® (although the latter report very little 
iron to be present in this). These results were observed repeatedly. The formation of 
the binuclear anion can be represented by reaction (4) or (5): 


3Fes(CO),_ + ISHO- ——t 4[Fe,(CO),]J*- + 3CO,2- + H+CO,- + Fe(OH), +6H,O . . (4) 
1 1Fes(CO),, + 54HO- ——t 15[Fe,(CO),]J?- + 12CO, + 3Fe(OH), + 24H,O > are ee 


These disproportions are no more complicated than that of reaction (6) advanced by 
12[Fes(CO),,]*- + 30H+ ——w 11Fes(CO),. + ISH + 3Fe** 2 2 ww ew 


Hieber and Brendel ® for the conversion of the trinuclear anion into Fe,(CO),». 

This method of preparing the binuclear anion is of some importance, as the best 
preparative route to the binuclear anion from iron pentacarbonyl known to us involves 
the salt ® Et,NH*[HFe,(CO),,|~, then Fe,(CO),, and this reaction. Our conclusions 
conflict with those of Hieber and Brendel ® only insofar as these authors reported isolation 
of two neutral trinuclear complex nickel salts after the action of alkali on Fe,(CO),». 
The isolation of the tetramethylammonium hydrogen salt (see above), and of the other 
acid trinuclear salts, is of course expected as acidification with acetic acid intervenes. 

Dr. W. Beck and Prof. W. Hieber suggested the spectroscopic examination of the 
complex formulated as Fe?*en,[Fe,(CO),|/*> as an authentic example of the ion 

* Added, June 7th_—Repetition of this experiment with very careful exclusion of air has repeatedly led 


to a solution with Aj x 4800 A, and we therefore conclude that this experiment involved accidental 
oxidation. 


10 Hieber, Sedlmeier, and Werner, Chem. Ber., 1957, 96, 284. 
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[Fe,(CO),]?", because the Fe?*en, ion, unlike the complex nickel cations used to precipitate 
this anion,® absorbs only weakly. Its preparation was repeated without difficulty, giving 
a highly crystalline orange-red product with the solubility properties described. This, 
however, had in either dimethylformamide or aqueous ethylenediamine, the only solvents 
found for it, absorption spectra without the maximum at 4800 A characteristic of the 
alkali-metal salts of this anion; moreover, the molar absorption coefficient (¢ = 414, 
C,4H.4FesN30, being assumed) at this wavelength was much less than that of the binuclear 
anion, as prepared by the methods described above (ec = 2080 or more). We can only 
suggest that this compound either has a constitution of the type originally ascribed to it," 
after all, or that it is actually the acid salt of the anion [HFe(CO),|~, therefore having 
the formula C,,H,,Fe,N,O, and an analysis very close to that now accepted by Hieber, 
Sedlmeier, and Werner.” In the latter case the absorption spectrum—merely a smoothly 
rising curve down to 4000 A, where e = 2000—would have to be ascribed to species present 
other than Fe?*eng, as Ciampolini, Paoletti, and Sacconi have shown ™ that this cation 
shows no absorption with « > 10 in the visible region. 

Recently, Vitek #% has reported polarographic evidence that the reaction of iron 
dodecacarbonyl with alcoholic alkali is more complex than was suggested by Hieber and 
Brendel,> a result obviously in harmony with our findings. 

Anticipating a forthcoming paper on the preparation of the acetylene complexes, 
RC:CR!,H,Fe,(CO),, we may say that solutions rich in the species with Amax, 4800 A 
(however obtained), and ascribed by us to salts of H,Fe,(CO),, are by far the most efficient 
progenitors of these complexes. As the molecular formula of these, proposed on analytical 
grounds, has been confirmed by chemical * and X-ray studies,’ we may treat this evidence 
as additional support for that attribution. 


EXPERIMENTAL 


Ultraviolet spectra were measured on a Cary recording spectrophotometer, model 14 M-50. 
The atomic extinction coefficients (e,;.) are calculated per g.-atom of iron added as the carbonyl 
to 1 1. of the solution (i.e., 1. g.-atom™ cm.~}). 

Iron enneacarbonyl was prepared from iron pentacarbonyl by Speyer and Wolf’s method: 
the yields were improved when reaction mixtures were kept cool (ca. 5°) during the irradiation. 
Iron dodecacarbonyl was prepared by the methods of Hieber * and Heintzeler,® the latter being 
preferred; it had Amax, 6050 A, Et, 835, in ethanol. 

The salt Me,N* [HFe,(CO),,]~ was prepared by Hieber and Brendel’s method,® Amax, 5400 A, 
et, 1030. It separated from acetone in plates 5 mm. across, and when dry was stable for 
several days in air at 20°. It dissolved in aqueous acetone, and from such solutions was readily 
extracted by ether. From the ethereal solution it was extracted by ethylene glycol, but not 
be water. These remarkable properties are presumably attributable to the exceptional size 
of the anion. 

Triethylammonium Hydrogen Undecacarbonyltriferrate—In the patent® describing this 
compound no details of temperature or reaction time are given; the following procedure was 
found convenient. Iron pentacarbonyl (40 g.), triethylamine (15 g.), and water (60 c.c.) were 
stirred at 80° under nitrogen for 10 hr. When the mixture was cooled the dark red, lower 
layer rapidly solidified and the supernatant liquid was poured off. After the solid product 
had been washed several times with water it was dried in vacuo at room temperature over 
silica gel to give, after crystallisation from aqueous methanol, dark red prisms (39 g., 95% based 
on the pentacarbonyl), Amax 5400 A, eq, 1020. 

Spectroscopic Investigation of the Reaction of Iron Carbonyls in Basic Media.—The solutions 


11 Hieber and Sonnekalb, Ber., 1928, 61, 558. 

12 Unpublished work communicated by Dr. L. Venanzi. 

18 Vitek, ‘‘ International Conference on Co-ordination Chemistry,’’ London, 1959 (Chem. Soc. Special 
Publication, No. 13). 

14 Hock and Mills, Proc. Chem. Soc., 1958, 233. 

15 Speyer and Wolf, Ber., 1927, 60, 1424. 
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used in the following experiments were kept under an atmosphere of oxygen-free nitrogen. 
Immediately before their use as solvents, methanol and ethanol were distilled in a current 
of nitrogen, and distilled water was boiled for 4 hr. while a stream of nitrogen was passed 
through it. 

Solutions containing the ion [HFe(CO),]~ (0-5m) were prepared by dissolving iron penta- 
carbonyl] (1-96 g.) in a solution of potassium hydroxide (1-68 g.) in a mixture of ethanol (18 c.c.) 
and water (3 c.c.). They were colourless and did not develop any colour during 96 hr. in the 
dark at room temperature. 

Oxidation of Solutions containing the Ion [HFe(CO),)~.—(i) With manganese diovide. 
Activated manganese dioxide ” (3-5 g.) was added portionwise during 15 min. to a stirred solution 
of KHFe(CO), (0-4m, 25 c.c.). A broad maximum at 4800 A rapidly developed and after 30 
min. attained a constant intensity (e,, 520). Further addition of manganese dioxide caused 
the slow development of an inflexion at 5400 A. Addition of iodine (0-95 g., 0-5 equiv.) in 
ethanol caused the rapid disappearance of the maximum at 4800 A and the formation of a 
maximum at 5400 A (e,, 354). 

(ii) With nitromethane. Nitromethane (0-011 g.), dissolved in ethanol (3 c.c.), was added 
slowly to an ethanolic solution of KHFe(CO), (0-1m, 10 c.c.). An absorption maximum at 
4800 A (e¢, 400) rapidly developed. Addition of more nitromethane resulted in the gradual 
development of a maximum at 5400 A. The introduction of an excess of nitromethane (0-050 g.) 
at the start of the reaction resulted in the evolution of heat with vigorous effervescence and 
the rapid development of a maximum at 5400 A (e,,, 420). This solution became colourless 
during 12 hr. with the formation of methylamine and ferric hydroxide. 

(iii) With iodine. A solution of KHFe(CO), (0-1mM) was titrated with a solution of iodine 
in ethanol (0-I1N). The titration was followed by measuring the intensity of the maximum 
at 5400 A which formed immediately. An inflexion at 4800 A was present in the early stages 
but later disappeared. When approximately 1-5 equiv. of iodine had been added the absorption 
at 5400 A reached its maximum value (e,¢, 450), then decreasing. ‘The formation of the maxi- 
mum at 5400 A was shown not to be due to acidification alone, since a solution of the stoiche- 
iometric composition K,Fe(CO), + K,CO, behaved in exactly the same way. 

Solutions containing the Ions [HFe,(CO),]~ and/or [Fe,(CO),]?~.—Owing to its very low 
solubility, iron enneacarbonyl could be made to react with 3 mol. of alcoholic potassium 
hydroxide only by grinding the mixture in a ball mill for 3 hr. The absorption maximum at 
4800 A (e,,, 1020) which developed (final pH 10) was replaced by a maximum at 5400 A (e,¢, 890) 
during 72 hr. at room temperature in the dark. The absorption band of the freshly prepared 
solution did not change significantly in position or intensity when the pH was adjusted within 
the range 10—14. 

Solutions prepared by shaking iron enneacarbonyl (0-364 g.) for 20 min. with a solution 
of potassium hydroxide (0-224 g.) in methanol 5 were used in the following experiments (initially 
Amax, 4800 A, e,¢. 1040, unchanged after 72 hr. in the dark). 

(i) Neutralization. Careful addition of oxygen-free hydrochloric acid (0-1N) to the solution 
to pH 7 resulted in irreversible development of a maximum at 5400 A (eat. 750) with the con- 
comitant disappearance of that at 4800 A. 

(ii) Oxidation. Exposure of the solution to oxygen resulted in the immediate development 
of a maximum at 5400 A. The addition of iodine (0-5 equiv.) had a similar effect. 

Reactions of Iron Dodecacarbonyl.—(i) With potassium hydroxide. Following Hieber and 
Brendel’s method, iron dodecacarbony] (1-0 g.) was dissolved in methanolic potassium hydroxide 
(2m, 10 c.c.). As soon as the intense dark green colour of the solution—stronger than that of 
the original carbonyl—had disappeared (ca. 3 min.) the solution, freed from a brown deposit 
by centrifuging, showed a broad maximum at 4800 A (e,,, 880). The band at 4800 A was 
still present after 12 hr. at room temperature but was shifted to 5400 A either on the admission 
of oxygen to the solution or on its neutralization. 

(ii) With potassium carbonate. Iron dodecacarbonyl, shaken with ethanol—water (95: 5) in 
contact with solid potassium carbonate, dissolved slowly with the immediate development 
in the liquid phase of an absorption maximum at 5400 A (e,,, 900 on complete dissolution after 
about 12 hours’ shaking). When the solution was made strongly alkaline (KOH; 2N) no 
change in the intensity or position of the absorption maximum was observed. 

Reaction of Iron Pentacarbonyl with Ethanolamine.—A solution of equimolecular proportions 
of iron pentacarbonyl and ethanolamine in aqueous ethanol was heated at 65°. An absorption 
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maximum at 5400 A developed rapidly, and maximal intensity (e,;, 600) at 5400 A was attained 
after 10 hr., further heating resulting in a slow diminution (after 16 hr., ¢,,, 370). 


One of us (J. R. C.) thanks the Department of Scientific and Industrial Research for a Student- 
ship. We are grateful to Dr. P. G. Jones for the preparation of, and spectroscopic results for, 
the complex obtained from iron pentacarbonyl and ethylenediamine. We are indebted to 
Prof. W. Hieber and Dr. W. Beck, and to Drs. I. Wender and H. W. Sternberg, for helpful 
and friendly discussions. 
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896. Mechanisms of Reactions in the Sugar Series. Part II.* Nucleo- 
philic Substitution in 2,3,4,6-Tetra-O-methylglycopyranosyl Chlorides. 
By A. J. Rutyp-Tutt and C. A. VERNON. 


The methanolysis of 2,3,4,6-tetra-O-methyl-«-p-glucopyranosyl chloride 
and 2,3,4,6-tetra-O-methyl-«-p-mannopyranosyl chloride has been shown 
to proceed by way of carbonium ion intermediates. The former compound 
gives an almost completely inverted product; the latter gives the two possible 
stereoisomers in roughly equal amounts. The glucopyranosyl compound 
reacts with thiophenoxide ions in propan-l-ol by a second-order process: 
the mannopyranosyl compound does not react by the Sy2 path. The 
mechanism of these reactions is discussed in detail. 


In a study of the hydrolysis of glycosides (a) under acidic conditions ! and (6) with enzyme 
catalysts ? we required information about the relative ease and the stereochemical con- 
sequences of Syl and Sy2 processes involving Cq) of glycopyranoside rings. Nucleophilic 
displacements, particularly those involving methanolysis, have been much studied with 
fully acetylated or benzoylated pyranosyl halides.* However, much of the available 
information is unsuitable for our purpose since (i) the stereochemical and kinetic data do 
not, in general, relate to the same conditions, (ii) neighbouring-group effects involving 
2-acetoxyl or -benzoyl groups largely determine the stereochemistry of the reactions 
studied, and (iii) the réle of the Sy2 processes has not been completely elucidated. 

The present work is concerned, therefore, with systems in which the complications 
due to migration and displacement of neighbouring groups are absent, so that the stereo- 
chemical and kinetic data relate to the same conditions; we have also been concerned 
to determine the conditions favouring the two possible mechanisms of substitution. 

We chose 2,3,4,6-tetra-O-methylglycopyranosyl chlorides. They have not been pre- 
viously well characterised, although they have served occasionally, without isolation, as 
intermediates in synthesis. The only relevant work is that by Irvine and Moodie * who 
prepared 2,3,4,6-tetra-O-methyl-«-p-glucopyranosyl chloride from 2,3,4,6-tetra-O-methy]l- 
D-glucose and phosphorus pentachloride. The substance obtained was not, however, 
chemically pure and may also have contained some of the 8-isomer. 


EXPERIMENTAL 
A. Materials.—Anhydrous methanol was made as described by Vogel.5 Anhydrous propan- 


1-ol was prepared similarly; it was carefully fractionated and the fraction of b. p. 97-2°/760 mm. 
was collected. 


* Part I, J., 1955, 4419. 

Bunton, Lewis, Llewellyn, and Vernon, J., 1955, 4419. 

Bunton, Lewis, Llewellyn, Tristram, and Vernon, Nature, 1954, 124, 560. 

Cf. Haynes and Newth, 4dv. Carbohydrate Chem., 1955, 10, 207; Lemieux, ibid., 1954, 9, 1. 
Irvine and Moodie, J., 1908, 93, 95. 

Vogel, ‘ Practical Organic Chemistry,’” Longmans Green and Co., London, 1948, p. 175. 
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Anhydrous lithium chloride was prepared from a commercial sample. A solution in 
anhydrous methanol was evaporated to small bulk, and the resulting solid twice recrystallised 
from fresh anhydrous methanol. The final solid, dried at 160° for 4 hr., had 99-9% of the 
theoretical chloride content. Anhydrous lithium perchlorate and acetate were prepared 
similarly. 

2,3,4,6-Tetra-O-methyl-p-glucopyranosyl acetate. 2,3,4,6-Tetra-O-methyl-p-glucose ® (40 g.) 
and anhydrous sodium acetate (15 g.) in pure acetic anhydride (200 ml.) were refluxed for 2 hr. 
Ether (200 ml.) and toluene (200 ml.) were added and the mixture was shaken, then evaporated 
to small bulk under reduced pressure at 50°. Addition of toluene (200 ml.) and evaporation 
under reduced pressure were carried out twice more. Analysis at this stage showed that the 
product contained ca. 92%, of the acetate. The remaining 8% appeared to be 2,3,4,6-tetra- 
O-methyl-p-glucose. Neither distillation nor chromatography appreciably separated the 
acetates from the unsubstituted sugar. Only by repeating the acetylation could the content 
of 2,3,4,6-tetra-O-methyl-p-glucose be reduced. The final product was distilled (at 104°/0-25 
mm.) and was obtained as a colourless viscous liquid, ,** 1-4440 (Found: C, 51-6; H, 7-8; 
OAc, 20-5. Calc. for C,,H,,O,: C, 51-8; H, 8-0; OAc, 21-1%). It did not crystallise and 
probably still contained 2—3% of 2,3,4,6-tetra-O-methyl-p-glucose. The infrared spectrum 
indicated that it was a mixture of the a- and the $-form. No separation of the isomers was 
achieved. 

2,3,4,6-Tetra-O-methyl-a-p-glucopyranosyl chloride. 2,3,4,6- Tetra-O-methyl- D- gluco- 
pyranosyl acetate (12 g.) was dissolved in pure, dry chloroform (120 c.c.) at 0°. A solution of 
titanium tetrachloride (30 c.c.) in pure, dry chloroform (100 c.c.) was added dropwise. Through- 
out the addition the mixture was vigorously stirred and the temperature was not allowed to 
rise about 5°. When addition was complete the mixture was stirred for a further 2 hr. The 
chloroform solution was then poured into ice-water, separated, and washed quickly with cold 
water, cold sodium hydrogen carbonate solution, and cold water again, then dried as rapidly 
as possible (Na,SO,), and finally filtered. The chloroform was removed at reduced pressure 
at }>0°. 2,3,4,6-Tetra-O-methyl-«-p-glucopyranosyl chloride: remained as a colourless syrup. 
It could be distilled at 0-5 mm. but no improvement in purity was thus achieved and considerable 
decomposition occurred. The physical constants were: b. p:>-109/0-5 mm., 7,” 1-4595, [a], 
+-205-3° (c ca. 1-0 in CHCI,) (Found: C, 47-4; H, 7-5; Cl, 13-5. C,H, ClO; requires C, 47-1; 
H, 7-5; Cl, 139%). Chlorine and infrared analyses indicated that the compound was 97% 
pure. The impurity seemed to be 2,3,4,6-tetra-O-methyl-p-glucose. This arose partly because 
the starting material could not be completely freed from this substance and partly because 
some hydrolysis of the chloro-compound occurred during washing. Unless the washing pro- 
cedure was carried out quickly and with very cold solutions the final product contained con- 
siderably more 2,3,4,6-tetra~-O-methyl-p-glucose. The infrared spectrum showed a strong 
absorption at 11-63 yu. This is characteristic of the «-p-glucose configuration.’ A peak at 
11-45 wu, characteristic of the $-p-glucose configuration was not seen. The compound was 
stable for long periods in the absence of moisture. 

2,3,4,6-Tetra-O-methyl-a-p-mannopyranosyl chloride. This compound was prepared from 
2,3,4,6-tetra-O-methyl-p-mannose, by the same technique as described above, as a very pale 
yellow syrup, »,** 1-4605, [a],,?> +99-2° (c ca. 1-0 in CHCI,) (Found: Cl, 13-1%). It appeared, 
on the basis of the chlorine analysis, to be ca. 95% pure. The impurity was undoubtedly 
2,3,4,6-tetra-O-methyl-p-mannose. It was less stable than the glucopyranosyl compound: 
after a few days in vacuo at 0° it began to darken and to evolve hydrogen chloride. 

Methyl 2,3,4,6-tetra-O-methyl-a-p-glucopyranoside. This had b. p. 80—82°/0-1 mm., n,* 
1-4420, [a|,,25 + 158° (c 1-45 in H,O). 

Methyl 2,3,4,6-tetra-O-methyl-B-p-glucopyranoside. This was prepared from methyl 8-pD- 
glucopyranoside by methylation with dimethyl sulphate. The product contained a small 
amount of the a-isomer, and was purified as follows: a light petroleum solution (1 g. in 25 c.c.; 
b. p. 40—60°) was passed down a column of alumina (50 x 2 cm.), and then eluted with 
2: 1 ether-light petroleum. Fractions with high negative rotation gave, on evaporation, the 
crystalline product, m. p. 37°, [a],,2> —17-5° (c 1-4 in MeOH). 

Methyl 2,3,4,6-tetra-O-methyl-a-p-mannopyranoside. Prepared by methylation of methyl 
«-D-mannopyranoside, this had m,?° 1-4470, [a],?° + 71-0 (c 1-26 in MeOH). 

S-Phenyl 2,3,4,6-tetra-O-methyl-8-p-thioglucopyranoside. A solution of thiophenol (24 c.c.) 

® West and Holden, Org. Synth., 20, 98. 

* Barker, Bourne, Stacey, and Whiffen, J., 1954, 171. 
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in aqueous sodium hydroxide (10 g. in 50 c.c.) was added to a solution of pure acetobromoglucose 
(75 g.) in ether (500 c.c.). The mixture was stirred for 2 hr. at room temperature. Overnight 
the thioglucoside separated; recrystallised from ethanol—water, it had m. p. 117°, [aJ,,?> —40-1° 
(c 1-0 in toluene) (Found: C, 54-6; H, 5-5. Cy 9H,,0,5 requires C, 54-5; H, 55%). This 
tetra-O-acetyl compound (18 g.) was dissolved in acetone (100 c.c.) and placed in a flask equipped 
with an efficient stirrer and maintained at 50°. Dimethyl sulphate (250 c.c.) and 50% sodium 
hydroxide solution (200 c.c.) were added dropwise and at such rates that the mixture was always 
alkaline. After dilution with water the mixture was extracted with chloroform. Removal 
of the solvent gave the crystalline product which, recrystallised from ethanol—water, had m. p. 
72°, [a],”> —43-1° (c 1-01 in PrOH) (Found: C, 57-5; H, 7-2. C,gH,,O,;S requires C, 58-4; 
H, 7:3%). 

B. Kinetic Measurements.—Runs were followed both by acid-base titration and polari- 
metrically. About 1 g. of halide was weighed into a standard flask which was then placed 
in a thermostat at the appropriate temperature. The solution was made up by solvent pre- 
viously brought to the same temperature. Some of the solution (ca. 12 c.c.) was placed in a 
polarimeter tube (2 dm.) kept at constant temperature. The optical rotation was measured 
at appropriate intervals. Samples (5 c.c.) were also withdrawn, diluted with acetone, and 
cooled to — 60°, and titrated with standard base (or acid if appropriate) in ethanol, with lacmoid 
as indicator. The annexed details of a run with 2,3,4,6-tetra~-O-methyl-«-p-mannopyranosyl 
chloride (0-0255M) in methanol (25°) are typical: 


Titre Titre 
(c.c. of (c.c. of 
Time  0-0044N- 10°, 107k, Time 0-0044n- 107k, 107k, 
(min.) NaOEt) (min.~!) a (min.~!) (min.) NaOEt) (min.~!) a (min.~*) 
2-75 - 1-200 3-94 18-30 - ~~ 0-545° 3-94 
3°85 3°82 3-91 _ 24-35 17-65 4-00 — — 
5-85 5-86 3:92 - 25-67 - - 0-337 4-04 
7-40 - : 0-962 3-91 30-95 19-77 4-03 -—- — 
8-35 7-93 3°94 - 33-90 ~- - 0-200 3-86 
9-60 - 0-859 3:97 36-70 21-27 3°97 - ~ 
10-74 9-88 4-04 - 39-80 — _- 0-120 3-80 
12-59 - - 0-735 4-00 42-60 22-57 3°86 — —_ 
16-65 13-93 4-06 — — io 27-65 — 0-230 


C. Products of Reaction in Methanol.—Infrared spectroscopy provides a rapid and accurate 
method for the analysis of mixtures of methyl 2,3,4,6-tetra-O-methyl-p-glucopyranosides since 
the «-isomer shows a strong characteristic absorption at 11-73 u well removed from any absorp- 
tion due to the 8-isomer. Mixtures of known composition of the two isomers were placed in a 
cell (thickness 0-06 mm.) and the absorptions at 11-73 and 12-04 u (where neither isomer absorbs 
strongly) measured on a Grubb—Parsons double-beam infrared spectrometer. 

log (T,/T,) is proportional to C, where T, and T, are the percent transmissions at 12-04 
and 11-73 u, respectively, and C, is the proportion of the «-isomer in the mixture. The results 
were: 


Reg (Zl y). «250005: 0-945 0-908 0-675 0-593 0-464 0-336 0-216 0-178 
ah.’ dhisinmeinanadeonine 1-00 0-93 0-61 0-50 0-36 0-18 0-073 0-0 * 


* This point, which corresponds to the pure B-isomer, was determined with the liquid t-butyl 
2,3,4,6-tetra-O-methyl-8-p-glucopyranoside since the pure methyl compound is a solid. 


A simple plot shows the expected straight line relationship. 

The procedure for any particular reaction mixture was as follows: methanol (ca. 50 c.c.) 
was removed at —5° under reduced pressure. Water (5 c.c.) was added and the aqueous 
solution was repeatedly extracted with small quantities of chloroform. The extracts were 
dried (Na,SO,) and the chloroform was then removed at —5° under reduced pressure. The 
resulting syrup was placed in the spectrometer cell and the proportion of the «-isomer deter- 
mined from the calibration data given above. Results were reproducible within 1%. 

The composition of the products of methanolysis were also determined from optical-rotation 
data. The following experiment is typical: A 0-027Mm-solution of 2,3,4,6-tetra-O-methyl-a-p- 
glucopyranosy] chloride in methanol was kept at 25° until reaction was complete. The rotation 
of the solution was then —6-48° (p line). From the specific rotations of the isomeric products 
(+158° and —17° for the «- and the $-isomer, respectively, in methanol) the proportion of 
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the a-isomer was found to be 0-06. Analysis of the same mixture by the infrared method 
gave the same value. 

Mixtures of the isomeric methyl 2,3,4,6-tetra-O-methyl-p-mannopyranosides cannot be 
conveniently analysed by an infrared method. Consequently the composition of the products 
of methanolysis of 2,3,4,6-tetra-O-methyl-«-p-mannopyranosyl chloride was determined from 
optical-rotation data. The following experiment is typical: a 0-029m-solution of the chloro- 
compound in methanol was left at 25° until reaction was complete. The rotation of the solution 
was then —0-245° (p line). From the specific rotations of the isomeric products (-++70° and 
—79° for the a- and the $-isomer,® respectively, in methanol) the proportion of the a-isomer 
is found to be 0-41. 

Results.—Table 1 shows the results obtained with 2,3,4,6-tetra-O-methyl-«-p-glucopyranosyl 
chloride in methanol. The kinetic experiments were done with the concentration of chloro- 
compound in the range 0-03—0-05m and good first-order rate coefficients were obtained through- 
out any experiment. The proportion of «-product was determined under the conditions used 
for the kinetic measurements and usually on the same solutions. The superscripts o and 1 
refer to determinations made by the optical rotation and the infrared method respectively. 


TABLE 1. Tetra-O-methyl-«-D-glucopyranosyl chloride in methanol. 


Electro- 1072, Proportion Electro- 107k, Proportion 
Temp. lyte X [X] (min.~!) of «-form Temp. lyte X [X] (min.~*) of «-form 
0° — oe 0-202 0-07° 25 NaOMe _ 0-492 7-36 — 
17°5 — — 1-53 0-06°, 0-06! “« Liclo, 0-357 5-00 0-06! 
18-3 —- -- 1-70 — . LiOAc 0-605 5-55 0-06! 
25-0 = —- 3-58 0-07°, 0-06! o NaSEt 0-160 5-02 —_- 
40-0 — -——- — 0-06! * NaSEt 0-554 10-10 — 
25-0 NaOMe_ 0-040 4-00 0-079, 0-06! we NaSPh 0-268 8-22 
NaOMe_ 0-094 4-30 0-06! me NaSPh 0-69 16-7 oo 


” 


NaOMe 0-310 6-04 0-06! 


” 


TABLE 2. Tetra-O-methyl-«-D-mannopyranosyl chloride in methanol. 


Electro- 109k, Proportion Electro- 107k, Proportion 
Temp. lyte X [X] (min.-!) of «-form Temp. lyte X [X] (min.") of a-form 
0° _- - 1-77 — 25-0° NaOMe_ 0-658 3°34 0-42 
25-0 —_ = 4-00 0-42 by NaOMe 1-040 2-60 0-43 
34:5 — — 11-50 0-41 ‘a LiClO, 0-438 6-96 0-42 
25-0 NaOMe_ 0-231 4-00 0-41 i NaSPh 0-948 2-75 — 
TABLE 3. Kinetic results in propanol at 25°. 
Electrolyte X [X] 107k, (min.~*) Electrolyte X [X] 102, (min.~!) 
G-Cl — — 0-200 M-Cl “= ~ 0-030 
LiSPh 0-0279 2-37 * LiOPr 0-260 0-030 
~ 0-0390 3-11 * LiSPh 0-260 0-046 
"i 0-0789 6-54 * 
a 0-126 10-20 * * Initial first-order rate coefficients, with 
r 0-187 16-00 * G-Cl = 0-03M. 
TABLE 4. Methanolysts in the presence of lithium chloride at 25°. 
Proportion Proportion 
RCI LiCl 1072, (min.~) of «-form RCI LiCl 102, (min.~) of «-form 
G-Cl 0-225 5-40 0-25° M-Cl 0-513 4-45 0-42 
0-466 6-57 0-31°, 0-30! 0-615 4-40 0-42 
0-942 7-15 0-35° 1-000 4-40 0-43 
0-948 7-18 0-35° 


The Arrhenius parameters for the methanolysis can be calculated from the data below 
to be E = 18-6 kcal. mole and B = 13-3. The reactions in the presence of thioethoxide and 
thiophenoxide ions gave mixed products and these were not completely analysed. 

Table 2 gives a similar set of results for 2,3,4,6-tetra-O-methyl-«-p-mannopyranosy] chloride 
in methanol. The Arrhenius parameters are E = 20-1 kcal. mole’, B = 12-3. 


§ Bott, Haworth, and Hirst, J., 1930, 2653. 
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Results obtained in propanol at 25° are shown in Table 3, where G-Cl and M-Cl refer to 
2,3,4,6-tetra-O-methyl-a«-p-glucopyranosyl chloride and 2,3,4,6-tetra-O-methyl-a-p-manno- 
pyranosyl chloride respectively. 

The reaction between the glucosyl chloride and thiophenoxide ions is obviously of the second 
order since the solvolysis is comparatively slow and a plot of initial first-order rate coefficients 
against thiophenoxide concentration gives a good straight line. Consistently good second- 
order rate coefficients were obtained from each of the reactions, the following being an example. 
For a solution containing G-Cl (0-0292m) and lithium thiophenoxide (0-0279m) the values of 
the second-order rate coefficients (1. mole min., 25°) were: 


5 34:6 39-0 44-2 55-5 
2 1-1 


7 1-20 1-12 1-10 5 


From a reaction mixture initially containing G-Cl (0-03m) and lithium thiophenoxide 
(0-19m) there was obtained, after removal of solvent and recrystallisation from aqueous ethanol, 
S-phenyl 2,3,4,6-tetra-O-methyl-$-p-thioglucopyranoside, m. p. 72°, [a],7> —43-1° (c 1-0 in 
PrOH) (Found: C, 58-1; H, 7-5. C,;H,,0;S requires C, 58-4; H, 7-3%). The m. p. was un- 
changed on admixture with a specimen prepared as previously described. The yield was 
nearly quantitative. The rotation of the reaction mixture at complete reaction agreed, within 
the experimental error, with the value calculated on the assumption that S-phenyl tetra-O- 
methy]-8-p-thioglucopyranoside was the sole product. 

Table 4 shows the results obtained in methanol (RCI ca. 0-05m) in the presence of varying 
amounts of added lithium chloride. 


DISCUSSION 


The preparation of chemically pure 2,3,4,6-tetra-O-methylglycopyranosyl chlorides 
was difficult chiefly because all attempts at crystallisation failed and distillation, under 
the conditions tried by us, invariably resulted in some decomposition. Nevertheless the 
compounds derived from D-glucose and D-mannose were obtained sufficiently pure (97 
and 95°%, respectively) for kinetic studies and for investigations of the stereochemistry 
of their replacement reactions. The «-configuration was assigned to both compounds for 
the following reasons. (a) The specific rotations calculated by Hudson’s isorotation rules,® 
+190° and +100°, agreed reasonably with the observed values, +200° and +99°, for 
the D-glucose and D-mannose compounds respectively. (0) For the D-glucose compound 
the infrared spectrum was completely diagnostic and showed no peak characteristic of the 
8-configuration.? For the D-mannose compound the spectrum was very similar to that 
observed with methyl 2,3,4,6-tetra-O-methyl-«-p-mannopyranoside. (c) The kinetic 
behaviour of the compounds under a variety of conditions indicated that, in each case, 
only one isomer was present.* 

The methanolysis of both 2,3,4,6-tetra-O-methyl-«-p-glucopyranosyl chloride and 
2,3,4,6-tetra-O-methyl-«-pD-mannopyranosyl chloride has been found to follow uncom- 
plicated first-order kinetics. In each experiment, the values of the first-order rate coeffi- 
cients were constant and the rate coefficients calculated from optical data were the same 
as those calculated from simple analytical data. Addition of methoxide ions produced 
no large changes in rate with either compound. Both reactions, therefore, proceed through 
carbonium ion intermediates. Consistently, positive salt effects were observed on addition 
of lithium perchlorate or acetate. 

The methanolysis of these compounds represents one extreme of mechanistic behaviour, 
i.e., nucleophilic displacement via carbonium ions. To observe the alternative, synchronous 


* Contrasting behaviour was shown by 2,3,4,6-tetra-O-methyl-«-p-galactopyranosyl chloride which 
was prepared by the method described above. The specific rotation was about half the expected value 
and the infrared spectrum indicated the presence of both «- and f-forms. The kinetic behaviour was 
consistent with this. For example, in propanol anomerisation occurred and produced a rapid initial 
change in optical rotation. A much slower change, due to propanolysis, followed. This system is 
being further investigated. 


® “* The Carbohydrates,” ed. W. Pigman, Academic Press Inc., New York, 1957, p. 70. 
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mechanism (i.¢., Sx2 displacement) different conditions were chosen. A less ionising 
solvent (i.e., propanol) was used and a powerful nucleophile (e.g., EtS~ or PhS~) was 
added. The results gave a clear-cut distinction between the two compounds. The 
reaction of 2,3,4,6-tetra-O-methyl-«-p-glucopyranosyl chloride with thiophenoxide ions 
was found to obey the second-order equation v = k,{«-G-Cl][SPh-], and the product, 
S-phenyl 2,3,4,6-tetra-O-methyl-8-p-thioglucopyranoside, was isolated in nearly quantit- 
ative yield. As required by the geometry of the Sy2 process, the reaction proceeds with 
complete inversion at position 1. With 2,3,4,6-tetra-O-methyl-«-D-mannopyranosyl 
chloride, on the other hand, addition of thiophenoxide ions produced no large increase 
in rate and the product, which was not analysed in detail, appeared to be largely a mixture 
of the propyl mannosides. 

This difference in the behaviour of the two compounds is presumably steric in origin, 
The D-mannose compound has, in the Cl configuration, a ¢rans-axial relation between the 
2-methoxy-group and the chlorine atom. Models show that the formation of a transition 
state of the S,2 type is impeded by steric compression between the incoming and the 
2-methoxy-group. In the D-glucose compound, in which the 2-methoxy-group is equatorial 
and cis to the chlorine atom, this effect is absent and bimolecular substitution can take 
place given a sufficiently powerful nucleophile. 

No example of uncomplicated bimolecular substitution at C,) of a pyranosyl ring has 
previously been reported. Chapman and Laird," in their study of the reactions of 2,3,4,6- 
tetra-O-acetylpyranosyl bromides with amines in acetone, found that substitution was 
accompanied by elimination and deacetylation. They were able to conclude, however, 
consistently with the present findings, that 2,3,4,6-tetra-O-acetyl-«-D-mannopyranosyl 
bromide is relatively resistant to bimolecular substitution and that this arises primarily 
from steric factors. 

The most interesting aspect of the present work is concerned with the conformations 
of the intermediate carbonium ions. In methanol solvent the D-glucose and the D-mannose 
compound form carbonium ions at about the same rate, showing, consistently with findings 
of Winstein and his colleagues," that assistance to ionisation from the 2-methoxy-group 
in the D-mannose compound is slight. Nevertheless, the carbonium ions cannot have the 
same structures since (a) the ratios in which the isomeric products are formed are widely 
different and (b) the kinetic effects of added nucleophiles are different. 2,3,4,6-Tetra-0- 
methyl-«-D-glucopyranosyl chloride gives, on methanolysis of dilute solutions, a mixture 
of isomers containing 94°% of the product of inverted configuration, 7.e., methyl 2,3,4,6- 
tetra-O-methyl-8-p-glucopyranoside. Since addition of chloride ions decreases this figure, 
the true value (?.e., that in the absence of effects due to recombination with kinetically 


OMe (A); OMe 


MeO v_/ 


+ 
OMe omen O-}-CH,OMe 


C1 NY CHr OMe MeO 
free chloride ions) must be even higher. The reaction proceeds, therefore, with nearly 
complete inversion at position 1. Addition of nucleophiles increases the reaction rate. 
Methoxide ions produce a small increase (in contrast to a decrease with the D-mannose 
compound); thiophenoxide ions produce a larger increase. Clearly, by changing conditions 
a continuous change from one extreme of mechanism (i.e., the Syl type) to the other (7.e., 
the Sy2 type) can be observed.!*15 

There has been controversy about the mechanism which gives rise to the high yields 


1 Chapman and Laird, Chem. and Ind., 1954, 20. 

™ Winstein, Grunwald, and Ingram, J]. Amer. Chem. Soc., 1948, 70, 821. 
'2 Gleave, Hughes, and Ingold, /., 1935, 236. 

'S Winstein, Grunwald, and Jones, J. Amer, Chem. Soc., 1951, 78, 2700. 





(ig 
of | 


for 
py! 
Sy2 
the 
con 


3,4, 
inte 
met 
dire 
mor 
of i 
con 
of 1 
wit 
carl 
per. 
seel 
stri 


sol 
oly: 
pat 


Met 
met 
nuc 


the 
free 
invé 
pro 
fror 
fort 
the 


in 


a sti 
betv 
How 
aton 
such 


by I 


owe = ss uo hu 


1G 


he 
ns 


it- 
th 
yl 
se 
Te 


he 
he 


al 
ke 





[1960] Mechanisms of Reactions in the Sugar Series. Part II. 4643 


of products with inverted configurations in the nucleophilic displacement reactions of the 
1,2-cis-acetohalogeno-sugars (e.g., in the Koenigs-Knorr reaction). Isbell and Frush,™ 
for example, suggested that the formation of methyl 2,3,4,6-tetra-O-acetyl-6-p-gluco- 
pyranoside from tetra-O-acetyl-«-p-glucopyranosyl bromide in 94% yield occurs by an 
Sx2 process. This view has been challenged by Newth and Phillips.™ It is clear from 
the present work that substitution at position 1 in «-p-glucose compounds can give nearly 
complete inversion by a mechanism which must, on kinetic grounds, be classified as Sy1. 
A similar conclusion has been reached by Lemieux and Huber * from their work on the 
3,4,6-tri-O-acetyl-a- and -$-D-glucopyranosyl chlorides. These authors suggest that the 
intermediate carbonium ions have the half-chair conformation. For 2,3,4,6-tetra-O- 
methyl-«-D-glucopyranosyl chloride, the formulation would be as shown, attack in the 
direction (A) giving the inverted product. However, in the present case it appears from 
models that the half-chair conformation does not account for the very high proportion 
of inverted product. Nor can this explanation account for the tendency of the p-glucose 
compound to react by the Sy2 path.* A more rational explanation can be given in terms 
of the shielding effect of the departing anion.4* It need only be assumed that reaction 
with the nucleophile occurs at a point corresponding to no very large extension of the 
carbon-chlorine bond. In the transition state, therefore, the «-configuration of the ion 
persists and is maintained by the close proximity of the departing anion. If, further, as 
seems reasonable although not formally required by the results of the present work, 
structures of some stability containing a chloride ion and a carbonium ion in the «-con- 
figuration are present in solution, then the reaction would be formulated as attack by a 
solvent molecule on an ion-pair.!*?° In this way the high stereospecificity of the methan- 
olysis and the tendency of the «-D-glucose system to pass over into reaction by the Sy2 
path are explained. 

The behaviour of 2,3,4,6-tetra-O-methyl-«-D-mannopyranosyl chloride is different. 
Methanolysis gives the isomeric products in roughly equal amounts and the addition of 
methoxide ion produces a slight decrease in rate.t Bimolecular attack by powerful 
nucleophiles is not observed even in propanol. The C,) atom cannot, for steric reasons, 
be approached by the nucleophile along a direction reciprocal to the axial chlorine. When 
the chloride ion is removed to a large distance, t.e., when the carbonium ion is kinetically 
free, the nucleophile can react along an equatorial direction, thus giving the product of 
inverted configuration, or along the direction of original axial chlorine, thus giving the 
product of retained configuration. The essential difference between the ions derived 
from the D-glucose and D-mannose compounds is then, on this view, that whereas the 
former can react as an ion-pair the latter must be effectively free before combination with 
the nucleophile. 

The effect of added chloride ions on the methanolysis of the two compounds is of interest 
in this respect. With 2,3,4,6-tetra-O-methyl-«-p-glucopyranosyl chloride addition of 

* The existence of the half-chair conformation is also unlikely on energetic grounds since it involves 
a structure in which the whole positive charge is located on the oxygen atom. Obviously some overlap 
between the vacant orbital on the C,,,) atom and the filled orbitals of the ring-oxygen atom must occur. 
However, it should be remembered that stabilisation of the carbonium ion produced by the ring-oxygen 
atom is very much smaller (judged by relative ease of solvolysis) than in simple open- -chain compounds 
such as MeO-CH,Cl.?7 


+ Similar cases of rate- réterdation by lyate ions in carbonium ion reactions have been discussed 
by Ingold.*4 


1 Tsbell and Frush, J. Res. Nat. Bur. Stand., 1949, 48, 161. 

15 Newth and Phillips, J., 1953, 2896, 2900, 2904. 

16 Lemieux and Huber, Canad. J. Res., 1955, 38, 128. 

17 Ballinger, de la Mare, Prest, and Kohnstam, J., 1955, 3641. 

18 Hughes, Quart. Rev., 1951, 5, 244. 

19 Winstein, Clippinger, Fainberg, and a Chem. and Ind., 1954, 644. 

#0 Winstein and Robinson, J]. Amer. Chem. Soc., 1958, 80, 169. 

*t Ingold, ‘‘ Structure and Mechanism in Gapubr Chemistry,” Bell and Sons Ltd., London, 1953, 
p. 366. 
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lithium chloride (0-2—1-0m) slightly increases the rate, as does addition of lithium per- 
chlorate, but the proportion of a-isomer rises sharply. This can be accounted for by 
assuming that the carbonium ion (a-ion) reacts either with methanol to give methyl 
2,3,4,6-tetra-O-methyl]-8-D-glucopyranoside or with chloride ions to give 2,3,4,6-tetra-0- 
methyl-8-p-glucopyranosyl chloride. This compound (8-G-Cl) ionises to give an ion 
(8-ion) in which the 8-configuration is preserved: reaction with solvent then gives largely 
methyl 2,3,4,6-tetra-O-methyl-«-p-glucopyranoside and with chloride ion regenerates the 


starting material. 
a-G-Cl === a-lon —— Product (8) (mostly) 





B-G-Cl =—t™ B-lon ——3 Product («) (mostly) 


This scheme accounts for the observed kinetics only if the rate of methanolysis of 
[8-G-Cl] is much greater than that of its isomer. Unfortunately, attempts to prepare 
a pure specimen of this compound have so far failed. However, support for our inter- 
pretation comes from the work of Lemieux and Huber ™ on the isomeric tri-O-acetyl-p- 
glucopyranosyl chlorides. They found that the $-isomer undergoes acetolysis ca. 100 
times faster than the «-isomer and that both reactions proceed with predominant inversion. 

The products from the methanolysis of 2,3,4,6-tetra-O-methyl-«-D-mannopyranosyl 
chloride are not affected by addition of lithium chloride. In this case either ion recom- 
bination is unimportant or the ions derived from the two isomeric chloro-compounds have 
the same configuration. Investigation of this aspect of the problem is continuing. 


Thanks are offered to the Department of Scientific and Industrial Research for a main- 
tenance grant (to A. J. R.-T.). 
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897. The Preparation of the Isomeric 4,4,4-Trifluorobutane- 
1,2,3-triols and yyy-Trifluoro-«8-dihydroxybutyric Acids.* 
By J. Burpon, V. C. R. McLouGuHitn, and J. C. TatLow. 

Catalytic reduction of ethyl «-ethoxy-yyy-trifluoro-B-oxobutyrate (V), 
prepared by the Claisen condensation of ethyl ethoxyacetate and ethyl tri- 
fluoroacetate, gave both isomers of ethyl «-ethoxy-yyy-trifluoro-8-hydroxy- 
butyrate (II and VIII). Drastic acidic hydrolysis of each gave the corre- 
sponding yyy-trifluoro-«8-dihydroxybutyric acid (IV and X); reduction of 
the esters by lithium aluminium hydride, followed by de-ethylation gave the 
isomeric 4,4,4-trifluorobutane-1,2,3-triols (VI and XI). Neither triol 
showed any antibacterial activity. 


IN a previous paper ! we described the preparation of 2-trifluoromethylglycerol and 2-tri- 
fluoromethylglyceric acid. We have now prepared the related 4,4,4-trifluorobutane-1,2,3- 
triols and yyy-trifluoro-«8-dihydroxybutyric acids by the methods outlined below. Ethyl 
a-ethoxy-yyy-trifluoro-8-oxobutyrate (V) was the starting material for all the syntheses. 
It was prepared in 42% yield by the Claisen condensation of ethyl ethoxyacetate and 
ethyl trifluoroacetate with sodium ethoxide as catalyst. It decomposed slightly on being 
heated and this appeared to affect the yield of the two isomeric ethyl «-ethoxy-yyy-tri- 
fluoro-8-hydroxybutyrates (II and VIII),t which were obtained from it by catalytic 


* Presented at the Fluorine Symposium, Birmingham, July, 1959. 
+ All formulz are to be understood as referring to racemic forms. 


? Burdon, McLoughlin, and Tatlow, J., 1960, 3184. 
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hydrogenation, because high temperatures were necessary to effect this reaction. Gas- 
chromatographic analysis of the product of a reduction at 160—180° showed that some of 
the 6-keto-ester (V) remained, and at 250° the total yield of mixed products was only 9%. 
At 190° very little starting material was unreduced, but the total yield of mixed products 


H H H H H 
CF,-C "—CO,H <t— CFy-C——C-CO,ft ——m CF,-C——C-CH,OH 
| 
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CFs-C——C-CO,H <— CFy-C——C-CO,Et ——® CFy-C——C-CH,OH 


| | [ 


(VIT) H OEt (VIII) H OEFt H OEt (IX) 
OH H ” H 
CF,5-C-——C-CO,H CF,-C-——C-CH,"OH 
| 
(X) H OH H OH (XD 


was still low, only 26%. The two esters (II and VIII) were separated by fractional distil- 
lation under reduced pressure to give the pure threo- (VIII) and erythro- (II) isomers, each 
in about 7% yield (see below for allocation of configuration). Reduction of each of these 
isomers by lithium aluminium hydride gave the corresponding 2-ethoxy-4,4,4-trifluoro- 
butane-1,3-diols (IX and III) in good yield. The threo-isomer (IX) was crystalline and 
the erythro-isomer (III) a high-boiling liquid. An attempt was made to circumvent the 
low yield in the hydrogenation by directly reducing the $-keto-ester (V) with lithium 
aluminium hydride. However, gas-chromatographic analysis showed that the product 
was a complex mixture—analogous reductions of other $-keto-esters have given similar 
results.? 

Treatment of each of the O-ethyl-triols (IX and III), under mild conditions, with 48% 
hydrobromic acid cleaved the ether linkages and gave almost quantitative yields of the 
corresponding 4,4,4-trifluorobutane-1,2,3-triols (XI and VI). The threo-isomer (XI) is 
crystalline and the erythro-isomer (VI) a high-boiling liquid. Both triols (VI and XI) 
were soluble in ether, as was 2-trifluoromethylglycerol,! in marked contrast to glycerol 
itself. 

Treatment of the ethyl «-ethoxy-yyy-trifluoro-8-hydroxybutyrates (VIII and II) with 
48°/, hydrobromic acid under ‘the conditions used to prepare the triols (VI and XI) from 
their ethyl ethers, did not give the parent dihydroxybutyric acids (X and IV), but instead 
a simple ester hydrolysis took place and the «-ethoxy-yyy-trifluoro-8-hydroxybutyric 
acids (VII and I) were formed. Once again the threo-isomer (VII) was crystalline and the 
erythro-isomer (I) a liquid. In fact, much more drastic conditions were necessary to 
cleave the ether linkages and yield the free dihydroxy-acids. It is probable * that the 

2 Gaylord, ‘‘ Reduction with Complex Metal Hydrides,” Interscience Publ. Ltd., London, 1956, 


p. 164. 
3% Burwell, Chem. Rev., 1954, 54, 615. 
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initial step in the acidic cleavage of the ether links was protonation of the ether-oxygen 
atom: 


| + | 
EtO*CH-CO,H —p> aN 


The rate of this step depends on the basicity of the oxygen atom and, because of the 
electronegativity of the carboxyl group, this basicity would be lower in the dihydroxy- 
acids than in the triols. Both yyy-trifluoro-«-dihydroxybutyric acids (X and IV) were 
crystalline and both were soluble in ether. 

The geometrical configurations of the triols (VI and XI) and the acids (IV and X) were 
allocated on three considerations, the first being the boiling points of the ethyl «-ethoxy- 
yyy-trifluoro-8-hydroxybutyrates (VIII and II). Viewed down the line joining Cy) and 
Cy, in their planar zig-zag forms, which should be the most stable,* these molecules can 
be represented ° as annexed: 


OEt 
nce oo 
(VIII) CO,Et py COrEt 


From models, it does appear that these would be the most favoured conformations. 
The hydroxyl group in the threo-isomer (VIII) can form intramolecular hydrogen bonds 
with both ethoxycarbonyl and ethoxy-groups, whereas in the erythro-isomer (II) it can 
only do this with the ethoxycarbonyl group. The erythro-isomer (II) should therefore 
have the higher boiling-point since it can form intermolecular hydrogen bonds more 
easily. 

Secondly, it has been demonstrated,*® by paper a that at pH 10 the ease of 
formation by borate ion of complexes with adjacent pairs of hydroxyl groups is in the 
order «I > « > «aC (these terms having the usual’? meaning). The threo-triol (XI), which 
has «TI and « pairs of hydroxyl groups, should form complexes more readily than the 
erythro-triol (VI), which has « and «C hydroxyl groups. Paper ionophoresis should there- 
fore show that the threo-triol (XI) has a greater mobility in 0-05M-borate buffer than the 
erythro-isomer (VI). This was so, the Mg values® being 0-83 and 0-68, respectively. 
Thirdly, the same arguments ® apply to paper ionophoresis in 0-2m-arsenite, and here the 
Mg values were 6-0 and 2-5 for the threo- and the erythro-triol respectively, although these 
were difficult to measure accurately. 

Similar considerations should apply to oxidation by periodate. It is known ® that the 
rate of cleavage of the carbon chain of a polyol depends on the configuration of the reacting 
hydroxyl groups in the order «T > « > «C. Since each of the triols requires two mol. of 
periodate for complete cleavage, it might be expected that one mol. of periodate would 
preferentially cleave the carbon chain between the «T-hydroxyl groups in the threo-triol 
(XI) and between the a-hydroxyl groups in the erythro-isomer (VI). The erythro-isomer 
(VI) should, therefore, with one mol. of periodate, give more formaldehyde than the 
threo-isomer (XI). Experimentally, by the usual technique,” both isomers gave virtually 
the same amount of formaldehyde (determined as its dimedone derivative); the erythro- 
isomer gave 53% and the threo-isomer 54% of the maximum amounts possible. This 


- 


Barker, Bourne, and Whiffen, J., 1952, 3865; McCoubrey, and Ubbelohde, Quart. Rev., 1951, 5, 
364. 
5 Newman, J. Chem. Educ., 1955, 32, 344. 
Frahn and Mills, Austral. ]. Chem., 1959, 12, 65. 
Barker and Bourne, Adv. Carbohydrate Chem., 1952, 7, 137. 
Foster, ]., 1953, 982. 
Schwartz, J., 1957, 276. 
© Reeves, J. Amer. Chem. Soc., 1941, 68, 1476. 
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equality must have been due to some modification of the properties of the hydroxyl groups 
by the trifluoromethyl group; it is known ™ that in many compounds the latter group can 
exercise profound effects on the reactivities of neighbouring hydroxyl groups. 

In spite of this inconclusive result we have assigned the configurations of the isomers, as 
indicated, on the basis of the three other self-consistent observations. 

Both trifluoro-triols (XI and VI) have been tested against two Gram-positive and two 
Gram-negative organisms. Neither compound showed any significant activity. 


EXPERIMENTAL 

Preparation of Ethyl «-Ethoxy-yyy-trifluoro-B-oxobutyrate (V).-—-Ethy] trifluoroacetate (200 g.) 
was added slowly to a stirred suspension of sodium ethoxide (104 g.) in dry ether (300 ml.). 
After the reaction had subsided, ethyl ethoxyacetate (186 g.) was added and the mixture was 
refluxed for 86 hr. Volatile products were removed at 150°/14 mm. to leave a solid cake of 
sodio-derivative, which was decomposed by treatment with 4n-sulphuric acid (1 1.). A water- 
immiscible liquid separated and was extracted with ether. Distillation of the dried (MgSO,) 
ethereal extracts gave the crude product (213 g.), b. p. 73—87°/15 mm., which was redistilled 
from phosphoric oxide to give ethyl «-ethoxy-yyy-trifluoro-B-oxobutyrate (V) (134 g.), b. p. 80—87° 
(mainly 83—85°)/15 mm. (slight decomp.) (Found: C, 41-6; H, 5-1. C,H,,F,O, requires C, 
42-1; H, 4:9%). 

On treatment with 2,4-dinitrophenylhydrazine and concentrated sulphuric acid in methanol, 
this ester gave the light yellow 2,4-dinitrophenylhydrazone, m. p. 106—106-5° (from ethanol) 
(Found: C, 41-3; H, 3-8. C,,H,;F,;N,O, requires C, 41-2; H, 3-7%). 

Catalytic Reduction of Ethyl a-Ethoxy-yyy-trifluoro-B-oxobutyrate (V).—The keto-ester (112-5 
g.) was sealed in an autoclave with Raney nickel (ca. 6 g.) and ethanol (100 ml.). Hydrogen 
was introduced into the autoclave to a pressure of about 1500 lb./sq. in. The autoclave was 
then rocked and heated at 190° for 20 hr. The Raney nickel was filtered off, and the filtrate 
was fractionally distilled in vacuo through a 1 ft. vacuum-jacketed column packed with glass 
helices to give (i) a mixture of starting material and fraction (ii) (3-60 g.), b. p. 89— 
101-5°/14 mm., (ii) ethyl (+.)-threo-a-ethoxy-yyy-trifluoro-B-hydroxybutyrate (VIII) (8-45 g.), b. p. 
101-5—105°/14 mm. (Found: C, 42-2; H, 5-7. C,H,,F,O0, requires C, 41-7; H, 5-7%), (iii) a 
mixture of fractions (ii) and (iv) (9-1 g.), b. p. 105—110-5°/14 mm., and (iv) ethyl (+)-erythro-a- 
ethoxy-yyy-trifluoro-B-hydroxybutyrate (11) (8-05 g.), b. p. 110-5—115°/14 mm. (Found: C, 41-9; 
H, 59%). Gas-liquid chromatographic analysis (didecyl phthalate-kieselguhr, N, carrier-gas) 
showed that fractions (ii) and (iv) were virtually free from each other and from the starting 
material. 

A reduction carried out at 250° gave only a 9% yield of mixed products. 

Reduction of the Isomeric Ethyl «-Ethoxy-yyy-trifluoro-B-hydroxybutyrates with Lithium Alumin- 
ium Hydride.—(a) threo-Isomer (VIII). The ester (3-17 g.) in dry ether (20 ml.) was added to 
a stirred supension of lithium aluminium hydride (0-65 g.) in dry ether (20 ml.) at such a rate 
that the ether refluxed gently. The mixture was refluxed for 1} hr., then water (1 ml.) was 
added cautiously, followed by 4Nn-sulphuric acid (10 ml.). The aqueous layer was continuously 
extracted with ether, and the ether layer and ether extracts were combined, dried (MgSO,), and 
evaporated to leave (-+)-threo-2-ethoxy-4,4,4-trifluorobutane-1,3-diol (IX), which was recrystal- 
lised from benzene to give the pure compound (1-78 g.), m. p. 68—68-5° (Found: C, 38-3; H, 
6-0. C,H,,F,0, requires C, 38-3; H, 5-9%). 

This ether (0-11 g.) and phenyl isocyanate (ca. 1 ml.) were refluxed together in light petroleum 
(10 ml.), containing two drops of pyridine, for 30 min. The solution was cooled and the solid 
which separated was filtered off and recrystallised from benzene-light petroleum (b. p. 80— 
100°) to give the 1,3-di-O-(phenylcarbamoyl) derivative (0-31 g.), m. p. 150—150-5° (Found: C, 
56-1; H, 4-9. C,,H,,F,N,O, requires C, 56-3; H, 5-0%). 

(b) erythro-Jsomery (II). The ester (3-56 g.) was reduced with lithium aluminium hydride 
as in (a) to give (+)-erythro-2-ethoxy-4,4,4-trifluorobutane-1,3-diol (III) (1-85 g.), b. p. 125— 
128°/14 mm. (Found: C, 38-6; H, 6-1%). 

This ether, treated with phenyl isocyanate as in (a), gave the 1,3-di-O-(phenylcarbamoy!) 


1! Bourne, Stacey, Tatlow, and Worrall, ]., 1958, 3268. 
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derivative, m. p. 168—169° [from benzene-light petroleum (b. p. 80—100°)] (Found: C, 56-6; 
H, 4:8%). 

Isomeric 4,4,4-Trifluorobutane-1,2,3-triols—(a) threo-Isomer (XI). (-)-threo-2-Ethoxy- 
4,4,4-trifluorobutane-1,3-diol (IX) (0-49 g.) was refluxed with 48% hydrobromic acid (6 ml.) 
for 1-5 hr. The mixture was treated with excess of barium carbonate, and the neutralised 
material was extracted continuously with ether for 16 hr. Evaporation of the dried (MgSO,) 
extracts left crude (--)-threo-4,4,4-trifluorobutane-1,2,3-triol (XI) (0-39 g.), m. p. 60—68°, which 
was recrystallised from benzene to give the pure compound, m. p. 69—70°, depressed below 
room temperature on admixture with starting material (Found: C, 29-8; H, 4-1. C,H,F,0, 
requires C, 30-0; H, 44%). 

Treatment of this triol with an excess of phenyl isocyanate and a few drops of pyridine in 
light petroleum (b. p. 80—100°) gave the 1,2,3-tri-O-(phenylcarbamoyl) derivative, m. p. 189— 
192° [from benzene-light petroleum (b. p. 80—100°)] (Found: C, 58-0; H, 4-0. C,;H,.F5;N,0, 
requires C, 58-0; H, 4-3%). 

(b) erythro-Isomer (VI). (-+)-erythro-2-Ethoxy-4,4,4-trifluorobutane-1,3-diol (III) (1-1 g.) 
was treated with 48% hydrobromic acid (10 ml.) as in (a), to give a crude product which was 
dried over phosphoric oxide for 2 days, filtered, and distilled to give (-+)-erythro-4,4,4-trifluoro- 
butane-i,2,3-triol (V1) (0-90 g.), b. p. 150—160° (bath)/20 mm. (Found: C, 30-6; H, 4:7%). 

Treatment of this triol with phenyl isocyanate as in (a) gave the 1,2,3-tri-O-(phenyl- 
carbamoyl) derivative, m. p. 212—-213° (from benzene) (Found: C, 58-2; H, 4:3%). 

Mild Acidic Hydrolysis of the Isomeric Ethyl a-Ethoxy-yyy-trifluoro-B-hydroxybutyrates.— 
(a) threo-[somer (VIII). The ester (2-18 g.) was refluxed for 1 hr. with 48% hydrobromic acid 
(7 ml.), then water (8 ml.) was added and the solution was refluxed for a further hour. The 
mixture was neutralised with silver carbonate, the silver salts were filtered off, and the filtrate 
was acidified with sulphuric acid. The acidic solution was continuously extracted with ether 
for 16 hr., and the ether extracts were dried (MgSO,) and evaporated to leave a syrup (1-61 g.). 
This syrup partially crystallised in a vacuum-desiccator, and the crystals were recrystallised 
from benzene to give (-+-)-threo-a-ethoxy-yyy-trifluoro-B-hydroxybutyric acid (VII) (0-3 g.), m. p. 
105—105-5° (Found: C, 36-1; H, 4:2. C,H,F,O, requires C,°35-6; H, 4-5%). 

Treatment of the acid with aniline in dry ether gave a precipitate of the anilinium salt, 
m. p. 122° (from acetone-chloroform) (Found: C, 48-8; H, 5-2. C,.H,,.F,;NO, requires C, 48-8; 
H, 5°5%). 

(b) erythro-Isomer (II). The ester (3-75 g.) was refluxed for 1 hr. with 48% hydrobromic 
acid (10 ml.), then water (14 ml.) was added and the solution refluxed for 1 hr. more. The 
product, an oil, was isolated as in (a) and was presumably (+)-erythro-«-ethoxy-yyy-trifluoro- 
8-hydroxybutyric acid (1). It did not crystallise and on distillation it decomposed slightly. 
Treatment of it with aniline in dry ether gave the anilinium salt, m. p. 86—88° [from light 
petroleum (b. p. 80—100°)] (Found: C, 48-8; H, 5-1%). 

Isomeric yyy-Trifluoro-a8-dihydroxybutyric Acids.—(a) threo-Isomer (X). The (-+)-threo-a- 
ethoxy-acid (VII) (0-36 g.) and 48% hydrobromic acid (15 ml.) were refluxed together for 24 hr. 
The reaction mixture was treated as in (a) of the previous experiment to give (--)-threo-yyy-tri- 
fluoro-a8-dihydroxybutyric acid (X) (0-21 g.) (from benzene), m. p. 114—116°, depressed to 80— 
90° on admixture with the starting material (Found: C, 27-9; H, 3:1. C,H,F,O, requires C, 
27:6; H, 2-9%). 

(b) erythro-Isomer (IV). The (-+-)-erythro-ethoxy-acid (I) (1-2 g.) was refluxed with 48% 
hydrobromic acid (5 ml.) for 6 hr. Isolation as in (a) gave (-+)-erythro-yyy-trifluoro-a8-di- 
hydroxybutyric acid (IV) (0-95 g.), m. p. 135—136-5° (softens ca. 100°) (from benzene) (Found: 
C, 27-4; H, 2-7%). 

Paper Ionophoresis of the Isomeric 4,4,4-Trifluorobutane-1,2,3-triols.—The separations were 
effected on Whatman No. 3 filter paper by the enclosed-strip technique previously 
described.4* In 0-05m-sodium borate (pH 10), a voltage gradient of ca. 20 v/cm. and a current 
of ca. 8 milliamp. were used; and in 0-2m-sodium arsenite (pH 9-6) the voltage gradient was 
ca. 20 v/cm. and the current ca. 18 milliamp. The 0-05m-borate experiment was run for 
2 hr., and the 0-2m-arsenite one for 3hr. The ionophoretograms were developed !* with alkaline 
silver nitrate. Mg values were (trans-cyclohexane-1,2-diol marker): (a) in 0-05m-borate; 
(+)-threo-4,4,4-trifluorobutane-1,2,3-triol (XI) 0-83, the (-+-)-erythro-isomer (VI) 0-68: (b) in 

1 Foster, Chem. and Ind., 1952, 1050. ’ 

13 Trevelyan, Proctor, and Harrison, Na/ure, 1950, 166, 444. 
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0-2m-arsenite; the (-+)-threo-triol 6-0, the (+-)-erythro-isomer 2-5. The values for the arsenite 
puffer are very approximate, owing to the difficulty in accurately measuring the (small) move- 
ment of glucose from the marker. Nevertheless, the ratio of M,, values of the two triols for this 
buffer lies between two and three. 

Periodate Oxidation of the Isomeric Trifluoro-triols.—The triols (0-096 g.) were each dissolved 
in 0-012M-potassium periodate (50 ml., 1 mol.), and the solutions were left at room temperature 
for 45 hr. A spot test with potassium iodide showed that, in both cases, less than 10% of the 
periodate then remained. Each solution was poured into a saturated solution (in water 
containing 0-5% of ethanol) of dimedone (150 ml.), and the resulting solutions were left at room 
temperature for 24 hr. before the formaldehyde dimedone derivatives were filtered off and dried 
at 90°. The (+)-threo-triol (XI) gave 0-096 g. of the derivative, and the erythro-isomer (VI) 
0-094g. Both derivatives had m. p. 185—187°, raised to 188—189° on admixture with an 
authentic specimen (cited ?° value, 189—190°). 

Bacteriological Tests.—Neither triol affected the growth, on a nutrient broth, of Staphylococcus 
aureus, Streptococcus pyogenes, Klebsiella aerogenes, or Escherichia coli to any significant extent. 
The minimum inhibitory concentrations of these substances were in excess of 1000 pg./ml., 
observed over a period of 24 hr. at 37°. 


The authors thank Professor M. Stacey, F.R.S., for his interest, the University of 
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with the ionophoresis experiments. 
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898. Heats of Formation and Bond Energies. Part IV.*  Hexacyclo- 
heayloaycyclotriphosphazatriene, Hexamethylcyclotriphosphazatriene, 
and Octaphenylcyclotetraphosphazatetraene. 


By A. F. Beprorp and C. T. Mortimer. 


Values are reported for the heats of combustion of hexacyclohexyloxy- 


cyclotriphosphazatriene, AH,°{{[PN(C,H,,O).]5, c} = —5669-6 + 4-0; hexa- 
methylcyclotriphosphazatriene, AH,°[(PNMe,)3, c] = — 1665-1 + 2-7; octa- 
phenylcyclotetraphosphazatetraene, AH,°[(PNPh,),, c] = —6736-5 + 11-5 


kcal./mole, to crystalline orthophosphoric acid, liquid water, and gaseous 
carbon dioxide. These data are used to calculate the heats of formation of 
the crystalline compounds as — 582-0 + 4-0; —125-1 + 2-7; and 40-7 + 11-5 
kcal./mole. 

Comment is made on the variation of the P-N bond energies in the ring 
system, and also of the P-R bond energies in the compounds (PNR,)3o, 4. 


THE aromatic character of the cyclic phosphazenes (I and II) has been pointed out by 
Craig and Paddock.! Whilst the chloro-compounds (PNCI,), and (PNCI,), have been 
known for many years, compounds in which the groups R are less electronegative have 
been prepared only recently. In 1958 Haber? reported the preparation of pure octa- 
phenylcyclotetraphosphazatetraene (II; R= Ph) and in 1959 hexamethylcyclotri- 
phosphazatriene (I; R = Me) was prepared by Searle.* With these, compounds have 
now been obtained in which R contains the group —C=, —N=, —O-, or halogen and it is of 
* Part ILI, /., 1960, 3284. 


1 Craig and Paddock, Nature, 1958, 181, 1052; Craig, Chem. and Ind., 1958, 3. 
* Haber, Herring, and Lawton, /. Amer. Chem. Soc., 1958, 80, 2116. 
3 Searle, Proc. Chem. Soc., 1959, 7. 
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interest to know how the bonding in these molecules is affected by change in electro- 
negativity of the group R. 
As a beginning, the heats of formation have been determined of the methyl (I; R = Me) 


R 
p2 R,P—N=PR, 
N* *N i] I 
gr RE ee 
(1) RaFePRa R2P=N—PR, (II) 


and phenyl (II; R = Ph) compounds and also of hexacyclohexyloxycyclotriphosphaza- 
triene (I; R = cyclo-C,H,,O) to supplement data which already exist * for hexachloro- 
cyclotriphosphazatriene (I; R= Cl). It is hoped later to present heats of formation of 
the hexafluoro- (1; R=F) and _ hexadimethylamino-cyclotriphosphazatriene (I; 
R = NMe,). 

The hexacyclohexyloxy-derivative was chosen because it tends not to undergo the 
elimination reactions of the hexaethoxy-compound: 4 


EO, _LOEt EcO, LOEt Een 4°04. ,ORt 
N° “N + N° “n emaininlip N° “N N* *s + Et,0 
\ ul 
——/ — ae —— ee 


EXPERIMENTAL 

Materials.—Octaphenylcyclotetraphosphazatetraene was supplied by Dr. C. P. Haber of 
the U.S. Naval Ordnance Laboratory, Corona, California, U.S.A. It had been prepared? 
from trichlorodiphenylphosphorane and ammonia. After being dried (P,O,;) it had m. p. 
319-5—321-0°.  Hexamethylcyclotriphosphazatriene and hexacyclohexyloxycyclotriphosphaza- 
triene were given by Albright and Wilson (Mfg.) Ltd. The hexamethyl compound, m. p. 
195—196°, had been prepared * from trichlorodimethylphosphorane and ammonium chloride and 
the hexacyclohexyloxy-derivative, m. p. 184-0°, from hexachlorocyclotriphosphazatriene 
and sodium cyclohexoxide. 

Combustion Calorimetry.—Combustions were made in a twin-valve bomb (Parr Instrument 
Co., Moline, Illinois, U.S.A.) which together with the subsidiary apparatus has been described 
previously. The solid phosphazenes were compressed into pellets. The bomb was charged 
with oxygen at an initial pressure of 30 atm. and with 3 ml. of water. Each sample was fired 
at 25°. 

All combustions were initiated by a platinum wire and cotton fuse. This was sufficient to 
cause almost complete combustion of the cyclohexyloxy-compound, but with the other 
derivatives only partial burning resulted. Additional fuses of benzoic acid for the phenyl 
compound and Melinex for the methyl compound were used. 

The temperature of combustion of the phenyl compound was sufficiently high to damage 
the platinum crucible; because of the possible reaction between platinum and phosphate ions, 
at these temperatures, a silica crucible was used. 

In the combustion of phosphorus compounds containing hydrogen, the phosphorus pentoxide 
dissolves in the water simultaneously produced, to form phosphoric acid. At high concen- 
trations of acid the heat of dilution is considerable, and thermochemical errors due to inhomo- 
geneity of the liquid phase would be large. The procedure suggested by Long and Sackman ° 
was adopted to minimise these errors. For this reason the bomb was charged with more water 
(3 ml.) than is customary (1 ml.), so as to give an N-solution of phosphoric acid. Part of this 
water was condensed on the interior walls and underside of the bomb head by placing the bomb 
in a warm-water bath. 

Analysis.—After combustions the gases from the bomb were analysed for carbon dioxide to 
an accuracy of +0-02%. The remainder of the bomb contents was filtered and the solid 
residue, which appeared to be unburnt compound and carbon in the case of the phenyl and 
methyl compounds, was dried and weighed. This residue was digested with benzene, in which 

* Paddock and Searle, Adv. Inorg. Chem. and Radiochem., 1959, 1, 347. 

> Fletcher, Mortimer, and Springall, /., 1959, 580. 
® Long and Sackman, Trans. Faraday Soc., 1957, 58, 1606. 
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these derivatives are soluble, dried, and re-weighed. In this way the weights of unburnt 
compound and carbon were found. This weight of unburnt compound recovered was usually 
about 0-2% less than calculated from the initial weight of sample, of carbon dioxide, and of 
carbon. 

A part of the bomb-washings was titrated with 0-1N-sodium hydroxide solution, thymol- 
phthalein being used as indicator, to give the total phosphorus acid and nitric acid. A second 
part was treated with acetic acid, hydrochloric acid, and mercuric chloride. In no case was 
mercurous chloride precipitated, showing the absence of phosphorous acids. A third part was 
analysed for orthophosphoric acid by the quinoline-phosphomolybdate method ? to an accuracy 
of +0-1%. A fourth part was boiled with nitric acid to convert condensed acids into the 
ortho-acids, and the total phosphoric acids found. In no case was any condensed phosphoric 
acid found. The quantity of phosphate recovered corresponded to within +0-2% with the 
amount formed, as calculated from the recovery of carbon, carbon dioxide, and unburnt 
compound. 

Units and Auxiliary Quantities.—The heats of combustion are given in units of the thermo- 
chemical calorie, 1 cal. = 4-1840 abs. 3. The energy equivalent of the calorimeter was deter- 
mined by combustion of a sample of benzoic acid having —AU; = 6-3181 + 0-0007 cal./g. 
The heats evolved in the following processes were taken to have the values given; (a) the 
formation of 0-1N-nitric acid from nitrogen, oxygen, and water, 13-81 kcal./mole,® (b) the 
combustion of cotton fuse, 3-88 kcal./g.;°® (c) the combustion of Melinex, 1052-9 kcal./mole, 
ie., (CygH,O,),/n; 1° (d) the solution of crystalline phosphoric acid to give a 1-0Nn-solution, 
2-9 kcal./mole; 14 (e) the combustion of carbon (soot) to carbon dioxide, 8-11 kcal./g. 

Results.-The results of the combustions are given in Tables 1—3, in which the symbols . 
have the same meaning as in Part II of this series.1*_ In addition, the following terms are used 
here: q; = heat of combustion of benzoic acid fuse, ¢, = heat of combustion of Melinex fuse; 
CO, obs. : calc. = the ratio of the carbon dioxide recovered and that equivalent to unburnt 
carbon, to the carbon dioxide calculated for complete combustion of the phosphazene sample. 

The mass of sample burnt in each experiment was calculated from the mass of carbon 
dioxide and carbon formed (uncertainty + 0-02%), the cotton fuse, benzoic acid, or Melinex 
fuse being assumed to have been burnt completely. This mass was also found, though slightly 
less accurately, from analysis for orthophosphoric acid (uncertainty -+- 0-1%), or from recovery 
of unburnt compound (uncertainty + 0-2%). 

The AH,° values refer to the reactions: 


[PN(cyclo-C,H,,O),],(c) + 53-25 O,(g) —t 3H,PO,(c) + 36CO,(g) + 28-5H,O(l) + 1-5N,(g) 
(PNPh,),(c) + 630,(g) —» 4H,PO,(c) + 48 CO,(g) + 14H,O(l) + 2N,(g) 
(PNMe,),(c) + 28-50,(g) —w 3H,PO,(c) + 6CO,(g) + 4:5H,O(1) + 1-5N,(g) 


TABLE 1. Hexacyclohexyloxycyclotriphosphazatriene (M 729-837). 


Expt. 1 2 3 4 
W.* snake: (6:)  scio.ssecces 0-514735 0-432819 0-470592 0-505569 
| RN ie et 0-10004 0-08436 0-09137 0-09864 
oe ee Sf eee 99-73 99-92 99-68 99-85 
MT GED * beacdvaksiscsstcntshsest 6-8 5-6 5-4 4-9 
aa re eo eee 6-4 6-1 6-2 6-3 
RSS ere her tt eee re 2-8 2-4 2-6 2:8 
EE i credhaentmaad 0-9 0-7 0-8 0-8 
| ee ee 7:3 6-1 6-6 71 
—AU,° (keal./mole) ......... 5656-2 5660-7 5654-2 5669-9 


—AU,° mean value, 5660-2 kcal./mole (standard deviation of mean +3-5 kcal./mole). 

E, = 39944-6 cal./ohm: SE =°+0-04%. 

SAU.° = +0-:06%: § = 40-07%: AnRT = —9-39 kcal./mole: —AH,° = 5669-6 + 4-0 kcal./ 
mole. 


* All weights in vacuo. 


7 Wilson, Analyst., 1951, 76, 55. 
§ Prosen, ‘‘ Experimental Thermochemistry,” Interscience, New York, 1956, Ch. 6. 
* Coops, Jessup, and van Nes, op. cit., Ch. 3. 

1 Evans and Skinner, Trans. Faraday Soc., 1959, 55, 256. 

™ National Bureau of Standards Circular 500, Washington, D.C., 1952. 

12 Bedford and Mortimer, J., 1960, 1622. 
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TABLE 2. Hexamethylcyclotriphosphazatriene (M, 225-123). 


Expt. ] 2 3 
Wee BUEN EES. wsiccprchacsnsntecpececencaness 0-30731 0-33710 0-27016 
DAME Abucabidtarvatvcneavestects\entanieeess 0-06983 0:07735 0-06445 
oe ho Men» © BREN EF ape re eee 95-71 99-05 — 
WER GCN GD bn recs dati eisijcisivcn ccceses 0-0006 0-0014 0-0080 
Gin MOTEL): ncicnni shuswadeysorenaecedesesgsetsveqssevs 690-6 598-3 576-4 
CANE eabuneressansaenaasececopseusssenanasnapes 4:8 4-7 4-8 
CB aan ac ited i de BM Corn 1-0 13-2 3-2 
tas GMD CLL ec didsidebetcteedebancéscecssstes 4-9 11-4 6-4 
SND Sad astcrtebbehbbiaRinditoedikcehscthanies 10-9 12-8 10-3 
a acl cares O-1 0-1 0-1 
EEE re 0-5 0-6 0-5 
CEENEFE WEMEIENEIDD scccccucbocstvapcoccecccces 1656-2 1662-5 1664-5 


—AU,° mean value = 1661-0 kcal./mole (standard deviation of mean -+ 2-7 kcal./mole). 
E, = 40,120-0 cal./johm: SE = +4.0-04%. 
§AU,° = 40-15%: § = 40-16%: AnRT = 4-1 kceal./mole: —AH,° = 1665-1 + 2-7 kcal./mole. 


TABLE 3. Oclaphenylcycloletraphosphazatetraene (M, 796-732). 


Expt. 1 2 3 4 a 

WE.© GRMREEO EB), occccosicscreseccs 0-400837 0-648472 0-574319 0-66832i 0-565544 
MAE MEE wes icveceenevecepsepeests<s 0-11390 0-16448 0-13353 0-15755 0-13415 
CO, obs. : calc. (%) ........seeeeee 98-81 99-82 98-73 99-40 99-34 
WE. COPBOR GE) ccccccccvcssesccdsces 0-00863 0-00 100 0-00305 0-00552 0-00458 
GAAIED dicditiadissesdieeheerdeieel 1275-6 1126-7 627-5 715-2 679-2 
TI a inhi diceeseieblenhecniiecoans 9-5 8-9 6-2 6-5 6-2 
Gi BOND | spececccccarey sesepesesssepace 3-6 15-0 17-3 20-3 16-2 
SS 8 reer peteciieraaecen 70-0 8-1 24-7 44:8 37:1 
Go (CAL) ccccnscsecccsescvccccesccscess 5-6 9-0 7-9 9-3 7-9 
ig MOND vemidbchacannne sodbde decoders 1-5 2-6 2-2 2-7 2-1 
Big PATIO, .00 ceesccesspocseescepocs 5-2 8-4 } 7-4 8-6 7:3 
—AU,° (kcal./mole) ............... 6737-6 6738-7 6705-0 6761-9 6700-9 

—AU,° mean value = 6728-8 kcal./mole (standard deviatién of mean = -++11-5 kcal./mole), 

E, = 40,120-0 cal./ohm. SE = +0-04%. 

SAU,.° = 40:19%: § = +0:19%: AnRT = —7-7 kcal./mole: —AH,° = 6736-5 + 11-5 kcal. 
mole. 


Although the uncertainty associated with the heat of combustion of the phenyl compound 
of high molecular weight is large (+11-5 kcal./mole), this and the other uncertainties are 
comparatively small percentage deviations, the largest being +0-2%. 

Using the AH;° values: H,O(l) — 68-3174; CO,(g) — 94-0518; and H,PO(c) — 306-2 
kcal./mole,"* we have calculated the heats of formation AH;°{[PN(cyclo-C,H,,0),]3,c} = 
—582-0+ 40; AH;°[(PNPh,),,c] = 40-7 + 11:5; and AH,°[(PNMe,)3,c] = —125-1 + 27 
kcal./mole. The heats of sublimation of these compounds have not been measured but are 
estimated as 18 + 2 kcal./mole. These lead to heats of formation of the gaseous compounds 
of —564-0 + 4-0, 58 + 13, and —107 + 5 kcal./mole, respectively. 


DISCUSSION 

The thermochemistry of the cyclic phosphazenes is best interpreted in terms of bond 
energies, and the first step in deriving these quantities is to calculate the heats of formation 
of the gaseous compounds from the atoms, AH;* (g), given by 

AH? (g) = AH;° (g) — AH,, 

where the AH, terms are the heats of atomisation of the elements. Values used are: 
C, 170-89; H, 52-09; O, 59-54; N, 112-9; P, 75-3; and Cl, 28-94 kcal./g.-atom.% From 
these AH; (g) values the sum of the bond energies in the “ ring unit,” E(N-PR,-N), is 
derived. This is one third (for trimeric compounds) or one quarter (for the tetrameric 
compound) of the AH; (g) terms. The problem then arises how to divide this energy 
amongst the bonds in the ring unit. 


*® Cottrell, “ The Strengths of Chemical Bonds,”’ Butterworths, 2nd Edn., London, 1958. 
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The structure of the trimeric chloride has been investigated by Brockway and Bright," 
by electron diffraction, and by Wilson,” by X-rays. In both cases the structure suggested 
is one in which each phosphorus atom carries two chlorine atoms in a plane perpendicular 


TABLE 4. Bond energies in cyclic phosphazenes (in kcal./mole). 


E(P-R) E(P-R) AE AE 
Compound AH; (g.) E(N-PR,-N) in(PNR,), in PR, PR I(PNR,). PR,/OPR, Ref. 
(PNCl,)g --+--++-- —178-1 305-4 80-3 76-2 4-1 18 
[PN(OC,H,;)2]5 —565-0 3757-7 135-3) 92-0 “3. 3 11-0 (c) 
(PNMe,).....+-+- —107:1 878-3 68-3 61-6 6-7 81 6, 24 
(PNPh,), «-..-. +58-7 2745°1 80-5 © 67-5 13-0 45 12,26 


Notes (a) based on E(N-P-N) = 144-8 kcal./mole. (b) based on E(N-P-N) = 146 kcal./mole. 
(c) as found for PO(OEt), and PO(OPr'),, ref. 12 and 25. 


to the P,N, ring. From electron diffraction the bond lengths are P-N, 1-65 + 0-03 A, 
and P-C L I: 97 + 0-03 A; from X-ray measurements the bond lengths are P-N, 1-61 + 
0-04 A, and P-L 1-99 + 0- 04 A. Although there is a slight difference in the P-N length, 
as determined by the two methods, the two values lie within the experimental errors, 
and the P-N bond length is considerably shorter than the value of 1-78 A found for the 
P-N single bond is sodium phosphoramidate.%® The length of the P-Cl bond, by either 
method, lies closer to the value of 1-99 A found in phosphoryl chloride, than to 2-04 A 
found in phosphorus trichloride.”7_ On this it seems reasonable to assume that the bond 
energy of the P-Cl bond in (PNC1,), is similar to that in phosphoryl chloride, and we take 
E(P-Cl) = 80-3 kcal./mole.4* From the relation 


E(N-PR,-N) = 2E(P-R) + E(N-P-N), 


this gives E(N-P-N) = 144-8 kcal./mole. 
If the stretching frequency of the P-N bond, in the ring system, can be taken as a 
measure of its strength, then the values in Table 5 indicate that for the six-membered ring 


TABLE 5. Stretching frequencies of P—N ring bond in cyclic phosphazenes. 


Compound P-N Frequency (cm."') Ref. Compound P-N Frequency (cm.*') Ref. 
GPU lt ss csscncves 1297 19 (PRB do 600 csees ese 1297 19 
[PN(OMe),]; ...... 1242 19 tee 1218 19 
[PN(NMe,),], .-. 1195 20 i) ererrere 1175 19 
(PNMe,), ......... 1180 19 


systems there is a regular decrease in the bond-energy term E(N-P-N) along the series 
R = -0-, -Cl, -N=, -C=. Hence the value found for E(N-P-N) in (PNC1,), can be taken 
as a maximum for the compounds in which R = -C= The value E(N-P-N) = 144-8 
kcal./mole gives minimum values for the bond energies E(P-R), which are shown in 
Table 4. These are obtained by incorporating bond-energy terms for the R groups. 
Values used are E(cyclo-C,H,,O) = 1671-1 kcal./mole, derived from AH;,° (cyclo- 
CsH,,OH, 1) = —83-45 kcal./mole,24 AH,,, = 11-7 kcal./mole,2* and E(O-H) = 110-6 
kcal./mole; 1 E(Me) = = 298-4 and E(Ph) = 1219-4 kcal./mole, derived from heats of 
formation given in ref. 11 and 26, and E(C-H) = 98-7 kcal./mole." 

It is uncertain to what extent the P-N bonds in the ring system are stronger in 
[PN(OC,H,,)s], than in (PNCl,)3. However, E(N-P-N) again being taken as 144-8 
kcal./mole, then E(P-O) = 135-3 kcal./mole, in this case a maximum value. 

‘4 Brockway and Bright, J]. Amer. Chem. Soc., 1943, 65, 1551. 

15 Wilson, see ref. 4, p. 366 

16 Hobbs, Corbridge, and Raistrick, Acta. Cryst., 1953, 6, 621. 

17 Sutton, Chem. Soc. Special Publ, No. 11, 1958. 

18 Fowell and Mortimer, J., 1959, 2913. 

19 Searle, personal communication, 1959. 

20 Shaw, Chem. and Ind., 1959, 54 

21 Newitt and Schmidt, J., 1937, 1665. 

*2 Richards and Davies, ]. Amer. Chem. Soc., 1920, 42, 1599. 

7L 








4654 Arthur and Lee: 


For the compound (PNPh,),, there is the added uncertainty of the effect of increased 
ring size on the bond-energy term E(N-P-N). Paddock * has found that E(N-P-N) in 
(PNCI,), is greater, by some 1-6 kcal./mole, than in (PNCI,)5, and if a similar difference 
exists in the compounds (PNPh,), and (PNPh,),, then we may use the value E(N-P-N) = 
146 kcal./mole for (PNPh,),, as a maximum value to derive a minimum value for E(P-C) 
in this compound. 

In Table 4 the corresponding bond energies for the tervalent phosphorus compounds 
PRzg, are shown, and the difference, AE, between these values and those found in (PN Ra), 
compounds. These differences are considerably greater than those between the compounds 
PR, and PORs, also given for comparison. Support for two of the AE values, where 
R = Me and Ph, comes from a determination of the heats of the gas-phase oxidations ™ 


Me,P + NEt —» Me,P=NEt, AH = —96-7 kcal./mole 
Ph,P + NEt —» Ph,P=NEt, AH = —125-4 kcal./mole 


If it is assumed that the bond energy of the group P=NEt is the same in both cases, 
then on oxidation, each of the P-Ph bonds is strengthened to an extent of some 9-6 
kcal./mole more than the strengthening of the P-Me bonds. A difference of 6-3 kcal./mole 
in the same sense is found between the AE values derived from the cyclophosphazene 
compounds. 

The group energy E(N-P-N) = 1448 kcal./mole gives E(P-N) = 72-4 kcal./mole, 
in the ring system, for (PNCI,)5. This is some 5-6 kcal./mole stronger than E(P-N) in the 
tervalent phosphorus compound P(NEt,),.2% However, in the absence of a suitable 
“standard ” of bond energies against which E(P-N) in the cyclic phosphazenes can be 
properly compared, it is difficult to calculate a “ resonance ’’ energy of the system. 


We thank Dr. A. F. Childs, Dr. N. L. Paddock, and Mr. H. T. Searle, of Albright and Wilson 
(Mfg.) Ltd., and also Dr. C. P. Haber of The U.S. Naval Ordnance Laboratory, Corona, 
California, for their advice and for the gift of compounds. 


UNIVERSITY COLLEGE OF N. STAFFS, 
KEELE, STAFFS. [Received, March 14th, 1960.] 


23 Paddock, personal communication, 1959. 

Claydon, Fowell, and Mortimer, /., 1960, 3284. 

25 Chernick, Skinner, and Mortimer, /J., 1955, 3936; Neale and Williams, J., 1952, 4535; 1954, 2156. 
26 American Petroleum Institute Reseach Project 44, Carnegie Press, Pittsburg, Pa., 1953. 
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899. An Examination of the Rutaceae of Hong Kong. Part V.* A 
New Coumarin, Avicennin, from the Bark of Zanthoxylum avicennae. 


By H. R. Artuur and C. M. LEE. 


Degradation reveals that avicennin, C.)H,,0,, a coumarin isolated from 
the bark of Zanthoxylum avicennae, is a substituted 2,2-dimethylchromeno- 
coumarin. 


It was reported earlier +? that avicennin, a new yellow coumarin, occurs in the root-bark 
and bark of Zanthoxylum avicennae. Whilst avicennin, C,,H,,0,, was shown not to 
contain a phenolic group, a methoxyl group was demonstrated by a Zeisel determination. 
Catalytic hydrogenation showed two reducible double bonds. Evidence that avicennin 
is a coumarin was obtained from its behaviour and that of its tetrahydro-derivative 
towards alkali, from the positive result of a fluorescence test,? and by reference to its 


* Part IV, J., 1959, 4010. 


1 Arthur, Hui, and Ng, J., 1959, 4007. 
* Arthur, “ Proceedings of the Phytochemical Symposium,” Kuala Lumpur, 1957, p. 123. 
* Feigl, Feigl, and Goldstein, J. Amer. Chem. Soc., 1955, 77, 4162. 





oo = - wo & ww os 


— 


~~ Faw at OH Ol lUlUuUMlUCUUO Oe Oe 


ome 


ads 
.) n 
ids 


ere 
S 24 


eS, 
9-6 
ole 
one 


dle, 
the 
ble 
be 


son 
na, 


ark 


on. 
nin 
ive 

its 





[1960] An Examination of the Rutaceae of Hong Kong. Part V. 4655 


infrared spectrum which shows, like that of xanthoxyletin (I; R =H), strong absorption 
at 1745 cm. characteristic of the >C=O stretching vibration of the 3-lactone system. 





(I); R=H 
(II); R = CHy-CH:CMe, (IIT) } R= CH,CH:CMe, (IV); R= CH, CH:CMe, 


Oxidation of avicennin gave «-hydroxyisobutyric acid as do 2,2-dimethylchromens ® 
and this, in the absence of evidence for a furan ring, suggests that avicennin is a substituted 
2,2-dimethylchromenocoumarin. The isolation of phloroglucinol monomethyl ether, 
acetone, and acetic acid from hydrolytic fission of avicennin accounts for the four oxygen 
atoms of the molecule and provides additional evidence for the 2,2-dimethylchromeno- 
coumarin structure (cf. xanthoxyletin 5 and xanthyletin §). 

The C;Hy residue is likely to be an isopentenyl group, which is common in plant 
coumarins. This substituent would account for one of the catalytically reducible double 
bonds (the other being in the chromeno-ring—cf. xanthoxyletin 5 which gives dihydro- 
xanthoxyletin on catalytic reduction) and would account for the ozonolysis products, 
acetone and the aldehyde, C,,H,,0;. Comparison of the infrared spectra (at 3030 cm.*! 
and 960—800 cm.) of avicennin, tetrahydroavicennin, xanthoxyletin (I), and dihydro- 
xanthoxyletin suggests ’? the absence of aromatic hydrogen in avicennin and thus indicates 
that a substituent is present in the aromatic ring, which is fully substituted, having five 
positions previously accounted for by the lactone ring of the coumarin, the chromeno-ring, 
and the methoxyl substituent. 

It is suggested that avicennin, which forms a dimer, has one of the structures (II, 
III, or IV). 


EXPERIMENTAL 


Analyses were by Dr. Zimmermann, Melbourne. M. p.s were taken on a gas-heated copper 
block and are uncorrected. Paper used for chromatography was Whatman No. 1, and the 
solvent was methanol-heptane. 

Isolation of Avicennin.—Dry bark (1-2 kg.) was extracted (Soxhlet) with hot methanol 
(2 x 121.) for 4 hr. The combined extracts were concentrated to 3 1. and left for 24 hr. The 
wax was collected and the filtrate was concentrated to 0-6 1. A crystalline mixture! of 
hesperidin and diosmin was collected and the filtrate was then distilled to dryness under reduced 
pressure. The residue was extracted with hot chloroform (3 x 0-51.); the extract was shaken 
several times with 8% aqueous sodium hydroxide and then with 15% sulphuric acid, and then 
washed with water, and dried. Removal of the chloroform gave a brown oil which on tritur- 
ation with methanol deposited yellow crystals (3 g.) which were recrystallised seven times from 
ethanol. Yellow elongated prisms (0-3 g.) of avicennin, m. p. 141—142°, [a],, = 0-0° (c 4-0 in 
CHCI,) separated (Found: C, 73-8; H, 6-5; OMe, 103%; M, 338. C,9H,.O, requires C, 73-6; 
H, 6-7; OMe, 9-5%; M, 326). Avicennin gave a red colour with concentrated sulphuric acid. 
It was insoluble in water and in aqueous sodium hydroxide but dissolved in aqueous alcoholic 
sodium hydroxide, and on removal of the alcohol, it remained in solution. It was precipitated 
unchanged from the latter solution by passage of carbon dioxide. 

Hydrolytic Fission of Avicennin.—Avicennin (3-0 g.) was boiled with 25% aqueous sodium 
hydroxide (100 ml.) for 4 hr. and then filtered. The filtrate, after acidification with hydro- 
chloric acid and saturation with ammonium sulphate, was extracted nine times with ether. 
The washed and dried extract was evaporated. The reddish-brown oil, after having been 


‘ Bellamy, ‘‘ The Infra-red Spectra of Complex Molecules,” Methuen, London, 1956, p. 159. 
5 Bell, Robertson, and Subramaniam, /., 1936, 627. 

® Bell and Robertson, J., 1936, 1828. 

? Bellamy, op. cit., p. 55 et seq. 
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extracted with sodium hydrogen carbonate solution (A), was essentially phloroglucinol mono- 
methyl ether (0-25 g.) (Found: OMe, 22-9. Calc. for C,H,O,;: 10OMe, 22-1%). It gave the 
di-p-nitrobenzoate as needles, m. p. 197—-198° (Found: C, 58-4; H, 3-5; N, 6-4. Calc. for 
C,,H,,O,N,: C, 57-5; H, 3-2; N, 64%). Solution (A) was acidified with hydrochloric acid 
and then extracted eight times with ether. On evaporation of the ethereal solution a reddish- 
brown liquid was obtained. This was boiled with p-toluidine (1-2 g.) for 1 hr. The cooled 
mixture on suitable working-up gave crystals of aceto-p-toluidide, m. p. and mixed m. p. 147°, 
In a second fission avicennin (4-0 g.) and 50% aqueous sodium hydroxide (200 ml.) were heated 
under reflux for 4 hr. Water (200 ml.) was added to the cooled mixture which was then 
distilled. The distillate (100 ml.) yielded acetone (2,4-dinitrophenylhydrazone, m. p. and 
mixed m. p. 125—126°). 

zonolysis of Avicennin.—A slow stream of ozonised oxygen was passed into a solution of 
avicennin (1-2 g.) in chloroform (100 ml.) for ? hr. Removal of the solvent left a residue which 
was treated with cold water (60 ml.) for 18 hr. then heated on the steam-bath for 20 min. The 
mixture was extracted with ether and the ethereal extract, after treatment with sodium 
hydrogen carbonate solution, was distilled to dryness. The yellow oil gave an oxime (0-006 g.) 
as rectangular plates (from ethanol), m. p. 194—195° (Found: C, 65-0; H, 5-5; N, 43. 
C,,H,,0,N requires C, 64:7; H, 5-4; N, 44%). Avicennin (0-5 g.) was also ozonised in glacial 
acetic acid (50 ml.) for $ hr. The mixture was steam-distilled and the distillate was treated 
with 2,4-dinitrophenylhydrazine. The orange-yellow precipitate could not be purified by 
crystallisation or by chromatography on alumina (benzene solution) but in a paper chromato- 
gram, spots identical with those of formaldehyde 2,4-dinitrophenylhydrazone (Rp = 0:18; 
21-5°) and acetone 2,4-dinitrophenylhydrazone (Rp = 0-50; 21-5°) were observed. The 
steam-distillate obtained in repeating the ozonolysis in acetic acid yielded formaldehyde 
dimedone (0-008 g.), m. p. and mixed m. p. 185—186° after one crystallisation from 70% aqueous 
ethanol, and the steam-distillate, examined with 2,4-dinitrophenylhydrazine after removal of 
formaldehyde, yielded acetone 2,4-dinitrophenylhydrazone (0-004 g.), m. p. and mixed m. p. 
125—126°. 

Tetrahydroavicennin.—Avicennin (0-4 g.) in ethanol (250 ml.) was hydrogenated at room 
temperature and above atmospheric pressure in the presence of Adams catalyst (0-04 g.). 
Hydrogen (approx. 2 mols.) was quickly absorbed. After removal of the catalyst and concen- 
tration of the solution, rhombic crystals were deposited which on recrystallisation from methanol 
or light petroleum gave tetrahydroavicennin, m. p. 81—82° (Found: C, 72-8; H, 7-9; OMe, 
9-8%; M, 360. C,,H,,O, requires C, 72-7; H, 7-8; OMe, 9-4%; M, 330). The product did 
not dissolve in aqueous sodium hydroxide, but dissolved in aqueous alcoholic sodium hydroxide 
from which it could be precipitated by passage of carbon dioxide. 

Tetrahydroavicennic Acid.—Application of Canter and Robertson’s method and variations 
of it for converting a coumarin into the O-methyl ether of the corresponding cinnamic acid 
failed to yield a pure product from avicennin. ‘This procedure was, however, successfully 
applied to tetrahydroavicennin: tetrahydroavicennin (1-5 g.) was boiled with 20% aqueous 
sodium hydroxide (50 ml.) for 20 min.; water (40 ml.) was added and the heating continued 
for 10 min. The cooled mixture was filtered. The filtrate was acidified with concentrated 
hydrochloric acid, mixed with ice, and kept below 10°. The precipitate, on crystallisation from 
benzene, gave pale yellow prisms of tetrahydroavicennic acid, m. p. 150—151° (decomp.) (Found: 
C, 69-0; H, 8-4; OMe, 9-2. C, 9H,,0, requires C, 69-0; H, 8-0; OMe, 8-9%,). This product 
gave a reddish colour with alcoholic ferric chloride and decolorised aqueous potassium perman- 
ganate and a solution of bromine in carbon tetrachloride. 

Degradative Oxidation of Avicennin.—Oxidation of avicennin with potassium permanganate 
in acetone, with concentrated nitric acid, or with alkaline hydrogen peroxide did not yield 
products which could be purified. Oxidation with chromic anhydride in acetic acid yielded 
acetone (identified as the 2,4-dinitrophenylhydrazone, m. p. and mixed m. p. 126—127°). 

3% Aqueous sodium hydroxide (30 ml.) was added to methanolic avicennin (2-0 g. in 100 m1.). 
After removal of methanol, sodium hydroxide (1 g.) and water (170 ml.) were added. During 
4 hr. potassium permanganate (12 g.) in water was added until persistence of a pink colour. 
The mixture was then warmed (steam-bath), decolorised with sulphur dioxide, and then 
extracted with ether. The aqueous layer, after acidification, was again extracted with ether, 
and this ethereal solution was dried and evaporated. The residue obtained was treated with 
boiling light petroleum; the solution obtained yielded needles of a-hydroxyisobutyric acid, 








oOo were © Ora st > 


ow 


l 


no- 
the 

for 
cid 
ish- 
led 
47°. 
ted 
hen 
and 


1 of 
Lich 
The 
ium 
 g.) 
4:3. 
cial 
ited 

by 
ato- 
‘18; 
The 
ryde 
sous 
il of 


\. p. 


90m 

g.). 
cen- 
anol 
Me, 

did 
xide 


ions 
acid 
‘ully 
eous 
ued 
ated 
rom 
ind: 
duct 
nan- 


nate 
yield 
Ided 


ml.). 
ring 
jour. 
then 
ther, 
with 
acid, 








[1960] Kirk and Petrow. 4657 


m. p. 76—78° undepressed in admixture with an authentic sample obtained from 1,1,1-tri- 
chloro-2-methylpropan-2-ol (Found: C, 46-8; H, 7-5%; M, 125. Calc. for CgH,O,: C, 46-2; 
H, 7:°7%; M, 104). 

Dimerisation of Avicennin.—Avicennin (0-7 g.) was heated under reflux with ethylene 
glycol (40 ml.) for 1 hr. The cooled solution deposited a yellow solid which, after four recrystal- 
lisations from ethanol, gave pale yellow rectangular plates of avicennin dimer, m. p. 206—208° 
(Found: C, 74-3; H, 6-5; OMe, 10-7%; M, 676. CygH,,O, requires C, 73-6; H, 6-7; 20Me, 
95%; M, 652). 


The authors thank Professor J. E. Driver for interest, Professor E. R. H. Jones, F.R.S., 
for determination of infrared spectra, Mr. H. C. Tang (Government Herbarium, Hong Kong) 
for identification of plant-material, and the Research Grants Committee of the University of 
Hong Kong for a grant-in-aid. 
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900. Modified Steroid Hormones. Part XIX.*  Steroidal 58-Methyl- 
A-homo-B-nor-4,4a-unsaturated Ketones. A New Class of Hormone 
Analogue. 


By Davin N. Kirk and VLADIMIR PETROW. 


36-Acetoxy-5a,6a-epoxy-68-methyl-steroids (1) undergo molecular re- 
arrangement on treatment with boron trifluoride in benzene, to give 36- 
acetoxy-58-methyl-a-homo-B-nor-4a-ketones (II). These novel products 
can be converted into the 4,4a-unsaturated 3-ketones, which are formally 
related to 3-oxo-A‘-steroids. 


Our studies on modified steroid hormones are reported here in so far as they have been 
extended to the reaction of some 38-acetoxy-6-methyl-5a,6«-epoxides (I) with boron 
trifluoride. In place of the expected 38-acetoxy-68-fluoro-5a-hydroxy-6«-methyl inter- 
mediates,! which we had hoped to transform into 68-fluoro-6«-methyl-A‘-3-ketones, 
fluorine-free acetoxy-ketones were obtained in very high yield. Their transformations 
establish unequivocally their formulation as 38-acetoxy-5$-methyl-A-homo-B-nor-4a- 
ketones (II; R = 6-OAc), formed from the epoxides (I) by a hitherto unrecorded structural 
rearrangement. 

5a,6a-Epoxy-66-methyltigogenin acetate (Ia), employed as a model compound, reacted 
readily with the boron trifluoride-ether complex in benzene, to give 36-acetoxy-58-methyl- 
A-homo-B-nor-25pD-spirostan-4a-one (IIa; R = 8-OAc) in ca. 90% yield. In accordance 
with its B-acetoxy-ketone formulation, the last compound lost the elements of acetic acid on 
percolation through a column of alumina to give 58-methyl-A-homo-B-nor-25p-spirost-3- 
en-4a-one (IIIa; R = H) which was characterised by its ultraviolet absorption maximum 
at 226 my and its infrared absorption at 1677 cm. (in CCl,). Hydrogenation of this 
«8-unsaturated ketone furnished 56-methyl-A-homo-B-nor-25p-spirostan-4a-one (IVa). 
Both the acetoxy-ketone (IIa; R = 6-OAc) and the saturated product (IVa) show infrared 
carbonyl bands at unusually low frequencies (1698 and 1694 cm." in CCl, respectively), 
entirely consistent with their formulation as cycloheptanone derivatives.” 

Alkaline hydrolysis of the acetoxy-ketone (Ila; R = 8-OAc) unexpectedly furnished 
38-hydroxy-58-methyl-A-homo-B-nor-25D-spirostan-4a-one (IIa; R= 8-OH) as major 
product (>70%), very little of the A*-4a-ketone (IIIa; R = H) being formed. Reduction 


* Part XVIII, J., 1960, 3872. ‘ 

1 Cf. Henbest and Wrigley, /., 1957, 4765, and Bowers, Cuéllar-Ibafiez, and Ringold, Tetrahedron, 
1959, 7, 138, for the analogous reaction in the 6-demethy] series. 

2 Jones and Sandorfy, ‘‘ Technique of Organic Chemistry. Vol. IX. Chemical Applications of 
Spectroscopy,” Interscience Publ., Inc., New York, 1956, p. 444. 
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of the @-hydroxy-ketone with sodium borohydride gave 58-methyl-A-homo-B-nor-25p- 
spirostane-38,4a£-diol. Acetylation of this compound with acetic anhydride—pyridine at 
room temperature furnished a monoacetate, whilst prolonged heating at 100° led to the 
formation of the corresponding diacetate. Alternative production of the same mono- 
acetate by reduction of the acetoxy-ketone (Ila; R = @-OAc) with lithium boro- 
hydride establishes its constitution as a 38-acetoxy-58-methyl-A-homo-B-nor-25p-spirostan- 
4aé-ol. 

Oxidation of the 36-hydroxy-4a-ketone (Ila; R = 6-OH) with chromic acid and 
sulphuric acid in acetone gave 5$-methyl-A-homo-B-nor-25pD-spirostane-3,4a-dione (Ila; 
R = :O), which was characterised by its infrared absorption maxima at 1723 and 
1698 cm.+. In ethanolic solution the compound appeared to exist in the diketo-form 
[ultraviolet absorption at 262 (¢ 290) and 291 my (ce 115)]. Addition of potassium 
hydroxide led to a shift in the maximum to 299 mu with a large increase in intensity (e 
20,800), presumably through formation of an enolate ion. Acetylation yielded an enol- 
acetate which is regarded as 3-acetoxy-5$-methyl-A-homo-B-nor-25D-spirost-3-en-4a-one 
(IIIa; R = OAc) on the basis of its ultraviolet (Amax. 230-5 my) and infrared (vmx, 1760 and 
1672 cm.) absorption spectra. In common with other $-diketones, the compound (IIa; 
R = :O) was cleaved by ethanolic potassium hydroxide to a keto-carboxylic acid regarded 
as 4,58-dimethyl-4-oxo-3,4-seco-B-nor-25pD-spirostan-3-oic acid (Va; R =H). Its formul- 
ation as the isomeric 3,4-seco-4-oic acid (VIa) is excluded by the observation that the 
product is readily converted by methanolic hydrogen chloride into a methyl ester (Va; 
R = Me), which reverts to the original acid on hydrolysis with aqueous-methanolic potass- 
ium carbonate at room temperature. This behaviour is consistent with that of primary 
aliphatic carboxylic acids, tertiary carboxylic acids sea esterification and subsequent 
hydrolysis under these conditions. 

The 8-diketone (IIa; R = ‘O) was converted by welbaiiie hydrogen chloride into 3,3- 
dimethoxy-58-methyl-a-homo-B-nor-25p-spirostan-4a-one  [IIa; R = (OMe),| and not 
into the expected enol ether (IIIa; R = OMe). Thermal decomposition of the dimethoxy- 
ketone in boiling decalin for 2} hr., followed by crystallisation of the product, led to the 
isolation of a non-conjugated ketone, C9H,,O,, formulated as 3-methoxy-58-methyl-a- 


mai Mel Mel, 
m: Me OC Me 
(11) 





(111) Oo (Iv) Me _(V) 
Mel. 
Me- ge a +c. 
HO,C~” Me 
(VI) rr * (vit) (VIII) * ax) 
(a) 25D-Spirostane series. (b) Androstan-|7-one series. 
(c) 17B-Acetoxyandrostane series. (d) 17B-Hydroxy-|7a-methylandrostane series. 


homo-B-nor-25D-spirost-2-en-4a-one (IXa) on the basis of (i) an infrared absorption 
maximum at 1694 cm. (non-conjugated 4a-one), (ii) the absence of ultraviolet absorption 
between 220 and 300 my, and (iii) its reconversion into the 3,4a-dione (Ila; R = :O) by 
toluene-p-sulphonic acid in acetone. Thermal decomposition of the 3,3-dimethoxy-ketone 
in decalin for 8 hr., in contrast, gave a mixture which could not be separated by crystallis- 
ation. Its infrared spectrum revealed the presence of the non-conjugated methoxy-ketone 
(IXa) and a component possessing a conjugated system (vmx. 1628 cm."). The latter 
component was isolated by chromatography on alumina and was additionally obtained 
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in somewhat better yield by heating the dimethoxy-ketone [IIa; R = (OMe),] at 220°. 
Its, ultraviolet spectrum revealed the presence of a homoannular dienic system.* This 
was confirmed by the infrared spectrum which additionally indicated the presence of two 
non-equivalent methoxy-groups.* Acid-hydrolysis regenerated the parent diketone 
(Ila; R= <0). This product is tentatively formulated as 3,4a-dimethoxy-5$-methyl- 
A-homo-B-nor-25D-spirosta-2,4(4a)-diene (Xa). 

Reduction of the 3,3-dimethoxy-ketone [IIa; R = (OMe),] with sodium borohydride, 
followed by regeneration of the oxo-function, furnished 4a&-hydroxy-58-methyl-a-homo-B- 
nor-25D-spirostan-3-one (VIIa; R =H). Methanolic hydrochloric acid dehydrated the 
last compound to 5$-methyl-A-homo-B-nor-25D-spirost-4(4a)-en-3-one (VIIIa; R= H), 
characterised by its ultraviolet (Amax, 232-5 my) and infrared absorption [1670 and 1614 cm. 
(in CCl,)] spectra. This product differed from the previously described A*-4a-ketone 
(IIIa; R =H), an observation which establishes not only its constitution but also those 
of its immediate precursors [IIla; R = (OMe), and VIIa; R = H]. 

The above transformations unequivocally establish structure (Ila; R = 8-OAc) for 
the boron trifluoride-induced rearrangement product of the 6-methylated epoxide (Ia), but 
give no indication of the stereochemistry of the new system about Cj). If it is assumed 
that boron trifluoride behaves as a Lewis acid in its attack upon the epoxide ring of (Ia), 
then cleavage of the epoxide ring to give a 6-carbonium ion can be envisaged. The ap- 
proximate coplanarity of the participating centres Cig)—Ci)-Cy)-epoxide (cf. XI) ® would 
favour migration of the 5,10-linkage with retention of the 6-configuration of the 5-methyl 
group in the product (XII). The rearrangement consequently bears a formal analogy to 
the c-nor-D-homo-rearrangement of 126-sulphonoxy-steroids.® 

Presumptive evidence in favour of the 58-methyl structure (XII) is provided by optical 
rotatory dispersion data. The curve of the acetoxy-ketone (Ila; R = 8-OAc) shows a 
rather weak positive Cotton effect superimposed upon the negative plain curve of a 25p- 
spirostan.? The acetoxy-ketone thus resembles the cis-8-methylhexahydroindan-4-one 
(XIII) § and 56-cholestan-4-one (XIV);* but differs from the ¢vans-isomers (XIII § and 
XIV ?) which are characterised by strongly negative Cotton effects in their optical rotatory 
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dispersions. Supporting evidence follows from application of the octant rule ™ which 
appears to be valid in the case of cycloheptanones. Analysis of the 58-methyl structure 
(Ila; R = @-OAc) and of its 5«-methyl isomer shows that only the former ring system may 
be expected to shows a positive Cotton effect in its optical rotatory dispersion curve. 

The above rearrangement has been applied to the 5a,6a«-epoxides ® derived from 36- 
acetoxy-6-methylandrost-5-en-17-one and 3,17$-diacetoxy-6-methylandrost-5-ene, and 
the corresponding acetoxy-A-homo-B-nor-ketones (IIb and IIc; R = $-OAc) have been 
obtained in high yield. The 38,17$-diacetoxy-4a-ketone (IIc; R = B-OAc) was converted 


3% Dorfman, Chem. Rev., 1953, 58, 47. 

4 Ref. 2, p. 435. 

5 For the «-configuration of the 5,6-epoxides see Cooley, Ellis, and Petrow, J., 1960, 3676. 

® Elks, Phillipps, Taylor, and Wyman, J., 1954, 1739; Hirschmann, Snoddy, Hiskey, and Wendler, 
J. Amer. Chem. Soc., 1954, 76, 4013. 

7 Djerassi and Ehrlich, J. Amer. Chem. Soc., 1956, 78, 440. 

8 Djerassi, Marshall, and Nakano, J. Amer. Chem. Soc., 1958, 80, 4853. 

® Djerassi, Riniker, and Kiniker, ]. Amer. Chem. Soc., 1956, 78, 6362. 

10 Djerassi, Closson, and Lippman, J. Amer. Chem. Soc., 1956, 78, 3163. 

11 Djerassi, ‘‘ Optical Rotatory Dispersion,’’ McGraw-Hill Book Co., Inc., New York, 1960, p. 178. 
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by percolation of its benzene solution through alumina into the A%-4a-ketone (IIIc; R = 
H). When the 3$-acetoxy-4a,17-diketone (IIb; R = 8-OAc) was treated with an excess 
of methylmagnesium iodide, both keto-groups reacted, to give 4a£,58,17«-trimethyl-a- 
homo-B-norandrostane-38,4a£,178-triol, which was oxidised by chromic acid to the 3-ketone 
(VIId; R= Me). Dehydration of the last compound with methanolic hydrogen chloride 
gave 176-hydroxy-4a,58,17«-trimethyl-A-homo-bB-norandrost-4(4a)-en-3-one (VIIId; R= 
Me), which exhibited ultraviolet absorption at 246 my. The bathochromic shift of 
13-5 mp in the maximum relative to the 4a-demethyl compound (VIIIa; R = H) is 
compatible with the presence of 4a-methyl substituent.3 


EXPERIMENTAL 


Optical rotations were measured for CHC], solutions ina 1dm.tube. Ultraviolet (in EtOH), 
infrared, and optical rotatory dispersion measurements were kindly determined by Mr. M. T. 
Davies, B.Sc., and Miss K. F. Dobson, B.Sc. 

3B-A cetoxy-5a,6a-epoxy-68-methyl-25p-spirostane (la).—6-Methyldiosgenin acetate (50 g.) in 
chloroform (200 ml.) was treated with monoperphthalic acid (27 g.) in ether (350 ml.) at 0—5° 
overnight. The mixture was poured into excess of sodium carbonate solution, the organic 
layer washed neutral, and the solvent removed. Purification of the residue from acetone and 
from ethyl acetate gave 38-aceloxy-5a,6a-epory-68-methyl-25pD-spirostane, needles, m. p. 251— 
254°, [a),,2° —114° (c 0-44) (Found: C, 73-9; H, 9-2. C39H,,O; requires C, 74-0; H, 9-5%). 

38,178-Diacetoxy-5a,6a-epoxy-68-methylandrostane (Ic), similarly prepared from 36,176-di- 
acetoxy-68-methylandrost-5-ene, separated from methanol in plates, m. p. 182—184°, [a),* 
— 49° (c 0-54) (Found: C, 71-5; H, 9-15. C.gH,,0,; requires C, 71-25; H, 9-0%). 

Rearrangement of 5a,6a-epoxy-6B-methyl-steroids (1) by Boron Trifluoride—The general 
procedure was as follows: 

The 5a,6a-Epoxide (20 g.) in anhydrous benzene (250 ml.) was treated with redistilled boron 
trifluoride-ether complex (20 ml.), and the mixture left at room temperature for 5 hr.; it 
developed a deep blue or purple-blue colour. The solution was poured into saturated sodium 
hydrogen carbonate solution, and the mixture shaken to decompose the boron trifluoride, the 
organic layer becoming pale yellow. After being washed with water, the benzene layer was 
evaporated under reduced pressure, and the solid residue purified by crystallisation. 

38-A cetoxy-58-methyl-a-homo-B-nor-25D-spivostan-4a-one (Ila; R = B-OAc), prepared from 
38-acetoxy-5«,6a-epoxy-68-methyl-25p-spirostane, crystallised from acetone in flakes, m. p. 
204—205°, Amax 293 my (ce 64), vax (in CCl,) 1739 (OAc), 1698 (4a-C:O), and 1432 cm.1 
(CH,°CO 4), [a],,2*> —76° (c 0-47), [aJ3§, — 185° (trough), [a)3), —40° (peak), [aJ35. —520° (c 1% in 
dioxan). (Found: C, 74:2; H, 9-7. Cy 9H,,O,; requires C, 74-0; H, 9-5%). 

38-A cetoxy-58-methyl-a-homo-B-norandrostane-4a,17-dione (IIb; R = B-OAc), prepared from 
38-acetoxy-5a,6a-epoxy-68-methylandrostan-17-one ® (Ib), separated from methanol in prisms, 
m. p. 126—128°, [a],,”> + 56° (c 0-68), Amax. 294 mp (¢ = 86), Vmax (in CCl,) 1437, (CO-CH,, ring 
A),!* and 1407 cm.*! (CO-CH,, ring p),® (in CS,) 1738 (17-C:O and 3-OAc), and 1698 cm. (4a- 
C:O) (Found: C, 73-1; H, 9-0. C,,H,,O, requires C, 73-3; H, 8-95%). 

38,178-Diacetoxy-58-methyl-a-homo-B-novrandrostan-4a-one (IIc; R = B-OAc), prepared from 
36,178-diacetoxy-5a,6a-epoxy-68-methylandrostane (Ic), formed prisms (from aqueous methanol), 
m. p. 156—158°, [a],%* —8° (c 0-61), [a)3{, —530° (trough), [«J3, —320° (peak), [a)3%, —1800° 
(c, 1% in dioxan), vmx (in CCl,) 1744 (OAc) and 1702 cm. (4a-C:O) (Found: C, 71-2; H, 8-9. 
C,H 3,0, requires C, 71-25; H, 9-0%). 

56-Methyl-a-homo-b-nor-25D-spirost-3-en-4a-one (IIIa; R = H).—The corresponding 3f- 
acetoxy-4a-ketone (IIa; R = OAc) (2 g.) in benzene (20 ml.) was percolated through a column 
of chromatographic alumina (100 g.) in benzene. Evaporation of the solvent and purification 
from acetone gave 58-methyl-a-homo-B-nor-25D-spirost-3-en-4a-one as needles, m. p. 209—211°, 
(a,,** —157° (c 0-30), Amax, 226 my (¢ 5460), vax (in CCl,) 1677 cm.™, (in CH,Cl,) 1666 and 
1641 cm.*! (Found: C, 78-4; H, 9-75. C,,H,.O, requires C, 78-8; H, 9-9%). 

58-Methyl-a-homo-B-nor-25D-spirostan-4a-one (IVa; R = H).—The foregoing compound 


'# Jones and Cole, J. Amer. Chem. Soc., 1952, 74, 5048. 
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(IIIa; R = H) (340 mg.) in ethanol (100 ml.) was hydrogenated in the presence of a 5% 
palladium-charcoal (100 mg.). The product was purified from acetone, to give 58-methyl-a- 
homo-B-nor-25D-spirostan-4a-one as needles, m. p. 180—182°, [aj,** —120° (c 0-22), vmax (in 
CCl,) 1694 cm. (Found: C, 78-6; H, 9-9. C,,H,,O, requires C, 78-45; H, 10-35%). 

Hydrolysis of the 3B-A cetoxy-4a-ketone (Ila; R = 8-OAc).—The acetoxy-ketone (10 g.) and 
potassium hydroxide (3 g.) in 85% aqueous methanol (180 ml.) were heated under reflux for 
} hr., then the solution was diluted with water (120 ml.) and cooled, and the precipitated solids 
were purified from acetone-hexane, giving 38-hydroxy-5B8-methyl-a-homo-B-nor-25D-spirostan-4a- 
one as needles, m. p. 239—241°, [a],,?7 —96° (c 0-43), Vmax. (in CCl,) 3578 and 1695 cm.“ (Found: 
C, 76-0; H, 9-9. C,gsH,,O, requires C, 75-6; H, 10-0%). 

Reduction of the 3B-Hydroxy-4a-ketone (Ila; R = 8-OH).—The hydroxy-ketone (5 g.) in 
methanol (250 ml.), mixed with a solution of sodium hydroxide (1 g.) and sodium borohydride 
(2 g.) in water (10 ml.), was kept at 50° for 4hr. Half the methanol was then removed under 
reduced pressure and the solution diluted with water to turbidity. The crystalline product was 
purified from methanol, to give 58-methyl-a-homo-B-nor-25D-spirostane-38,4a&-diol as flakes, 
m. p. 248—256°, [aj,?7® —91° (c 0-63), Vmax (in CCl,) 3629 cm. (Found: C, 75-1; H, 10-5. 
CogH gO, requires C, 75-3; H, 10-4%). 

The 3-monoacetate was prepared from the above 38,4a&-dihydroxy-compound (1 g.) by treat- 
ment with acetic anhydride (2 ml.) in pyridine (10 ml.) at room temperature for 18 hr. It 
separated from methanol as needles, m. p. 181—183°, [a],,2”7 —138° (c 0-75), Vmax. (im CCl,) 3598, 
3456, and 1732 cm.1 (Found: C, 73-8; H, 9-8. C,,.H,,O, requires C, 73-7; H, 9-9%). 

A similar acetylation mixture, when heated on the steam-bath for 6 hr., afforded the di- 
acetate as an amorphous precipitate, m. p. about 100—125°, vn, (im CS,) 1738 cm.! (no OH 
absorption). 

Reduction of the Acetoxy-ketone (Ila; R = 8-OAc) with Lithium Borohydride.—A solution of 
the acetoxy-ketone (5 g.) in anhydrous tetrahydrofuran (150 ml.) was stirred with powdered 
lithium borohydride (1-8 g.) for 5 hr. at room temperature. The mixture was poured into 
water, and the precipitated solids were purified from methanol to give the 36,4a&-diol 3-mono- 
acetate, identical with the sample prepared as above. 

56-Methyl-a-homo-B-nor-25pD-spirostane-3,4a-dione (Ila; R= ‘O).—The 36-hydroxy-4a 
ketone (Ila; R = B-OH) (5 g.) in “‘ AnalaR ”’ acetone (250 ml.) was treated dropwise with the 
chromic acid reagent [prepared from chromium trioxide (240 g.), concentrated sulphuric acid 
(230 ml.) and water (to 1 1.)] until an orange colour persisted. The mixture was poured into 
water, and the precipitated solid purified from acetone, to give 58-methyl-a-homo-B-nor-25D- 
spirostane-3,4a-dione in plates, m. p. 232—235°, [a],,24 —177° (c 0-95), Amax, 262 mu (e 290), Aina. 
291 my (e 115), vmax, (in CCl,) 1723, 1698 (3- and 4a-C:O), 1433 and 1417 cm.~! (CO’CH, groups),'” 
(in CH,Cl,) 1716 and 1693 cm.+ (Found: C, 76-2; H, 9-4. C,,H,,O, requires C, 76-0; H, 
96%). 

Cleavage of the 3,4a-Diketone (Ila; R = :O) with Alkali.—The diketone (2 g.) in ethanol (100 
ml.) containing potassium hydroxide (10 g.) was heated under reflux for 5 hr. The mixture 
was then poured into water. The resulting clear solution, when extracted with ether, afforded 
only a trace of gum. Acidification of the alkaline liquors with sulphuric acid and extraction with 
ether gave the carboxylic acid (Va; R = H) which was purified from acetone-hexane, giving 
needles, m. p. 184—187°, [aJ,,!° —50° (c 0-49), Vmax (in CCl,) 3400—2400 (broad band due to 
associated carboxylic acid),4* 1754 (shoulder: monomeric CO,H),!* 1718 (C:O?), 1419 
(CH,°CO,H),'* and 1353 cm.“ (Ac) 18 (Found: C, 72-6; H, 9-7. C,,H,,O,; requires C, 73-0; H, 
96%). 

Esterification of the Keto-acid (Va; R = H).—The keto-acid (0-52 g.) was dissolved in 
methanol (26 ml.) to which acetyl chloride (0-25 ml.) had been added. After 20 hr. the solution 
was poured into dilute sodium hydrogen carbonate solution, and the precipitated material 
extracted with ether and purified from aqueous methanol. The methyl ester (V; R = Me) 
formed rods, m. p. 142—143°, {a],,!® —65° (c 0-51), Vmax. (in CCl,) 1738 (CO,Me),'* 1692 (C:O), 
1353 cm.*! (Ac) #8 (Found: C, 73-7; H, 9-7. C.9H,,O, requires C, 73-4; H, 9-8%). 

Hydrolysis of the Methyl Ester (Va; R = Me).—The methyl ester (100 mg.) in methanol 
(20 ml.) was treated with potassium carbonate (40 mg.) in water (4 ml.) for 20 hr. at room 





18 Roberts, Gallagher, and Jones, ‘‘ Infrared Absorption Spectra of Steroids: An Atlas,”’ Interscience 
Publi. Inc., New York, 1958, Vol. 2, pp. 20—41 and refs. therein, 
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temperature. Dilution with water and extraction with ether afforded a small quantity of the 
methyl ester. The alkaline solution was acidified and extracted with ether, giving the keto- 
acid (Va; R = H) in good yield. 

3,3-Dimethoxy-58-methyl-a-homo-B-nor-25p-spirostan-4a-one [IIla; R = (MeO),].—The 3,4a- 
diketone (Ila; R = ‘O) (2 g.) was stirred in methanol (50 ml.) to which acetyl chloride (0-5 ml.) 
had been added. It slowly dissolved, with separation of a solid product. After 6 hr. this 
material was collected and purified from acetone, to give the 3,3-dimethoxy-4a-ketone as needles, 
m. p. 206—209° (decomp.), [a],,2> —83° (c 0-35), Vmax. (im CCl,) 1700 (4a-C:O) and 1434 cm! 
(CH,°CO),?? (in CS,) 1101 cm. (3,3-dimethoxy) and the usual 25p-spirostane bands } (Found: 
C, 73-7; H, 9-8. Cy 9H,,O,; requires C, 73-7; H, 9-9%). 

Thermal Decomposition of the 3,3-Dimethoxy-4a-ketone (Ila; R = (MeO),].—(a) In boiling 
decalin. The dimethoxy-ketone (200 mg.) and decalin (5 ml.) were heated under reflux (short 
air-condenser) for 2-5 hr. The decalin was removed in steam, and the precipitated solid (m. p. 
200—215°) collected and purified from ethanol, to give 3-methoxy-58-methyl-a-homo-B-nor-25pD- 
spirost-2-en-4a-one, as blades, m. p. 231—233°, [a),2* —172° (c 0-49), vmax. (in CCl,) 1721 (un- 
assigned weak band), 1694 (4a-C:O) (Found: C, 75-9; H, 9-75. Cy 9H,,O, requires C, 76-3; H, 
9-7%). 

(b) When the mixture [as in (a)] was heated for 8 hr. and the product, in benzene solution, 
percolated through a column of chromatographic alumina (5 g.) a compound believed to be 
3,4a-dimethoxy-58-methyl-a-homo-B-nor-25p-spirosta-2,4(4a)-diene was obtained. It formed 
needles from acetone, m. p. 197—200°, {a],,?4 —206° (c 0-17), Amax. 253 my (e 10,470), Vmax (in 
CCl,) 1647 (unassigned weak shoulder) and 1628 (conjugated diene), (in CS,) 1206 (MeO in the 
conjugated 4a-position at the end of the diene system *) and 1162 cm. (MeO in the non-terminal 
3-position) (Found: C, 76-2; H, 9-7. C3 9H4,O, requires C, 76-55; H, 9-85%). 

(c) By heat alone. The dimethoxy-ketone [Ila; R = (MeO),] was heated in an open test- 
tube in an oil-bath at 215—220° until gas evolution ceased (45 min.). The cooled melt was 
purified from acetone to give material identical with the product obtained as under (b). 

When either of the foregoing products derived from the diméethoxy-ketone, or the dimethoxy- 
ketone itself, was dissolved in a 0-2% solution of toluene-p-sulphonic acid in acetone at room 
temperature for 18 hr., and the solution diluted with water to turbidity, the product was the 
3,4a-diketone (Ila; R = QO). 

Reduction of the 3,3-Dimethoxy-4a-ketone {[Ila; R = (OMe),].—The dimethoxy-ketone (1-8 
g.) in methanol (200 ml.) was treated with sodium hydroxide (360 mg.) and sodium borohydride 
(1 g.) in water (10 ml.), and the mixture was stirred for 6 hr. at room temperature. Dilution 
with water gave a crystalline product (m. p. 140—146° after drying at 80° in vacuo), the infra- 
red spectrum of which showed a hydroxyl band but no oxo-groups. 

This material (1-7 g.) was dissolved by gentle warming in 90% acetic acid (100 ml.) for 
10 min., water was added to turbidity, and the solution was allowed to cool. The crystalline 
product was purified from acetone—methylene chloride, to give 4a&-hydroxy-58-methyl-a-homo- 
B-nor-25D-spirostan-3-one (Vila; R = H) as needles, m. p. 246—249°, [a],?4 —94° (c 0-51), 
Vmax, (in Nujol) 3426 (OH) and 1696 cm."! (3-C:O) (Found: C, 75-4; H, 9-65. C,,H,,O, requires 
C, 75-6; H, 10-0%). 

58-Methyl-a-homo-B-nor-25D-spirost-4(4a)-en-3-one (VIIIla; R = H).—The 4a-hydroxy-3- 
ketone (VIIa; R = H) (0-5 g.) was heated under reflux for $ hr. in methanol (30 ml.) contain- 
ing 1% of hydrochloric acid. The solution was concentrated to crystallisation, and the product 
was purified from acetone—methanol. 58-Methyl-a-homo-B-nor-25p-spirost-4(4a)-en-3-one formed 
plates, m. p. 200—203°, [a],"® —174° (c 0-56), Amax, 232-5 my (e 10,070), vmax (in CCl,) 1670, 
1614 cm. (a$-unsaturated ketone) (Found: C, 78-7; H, 9-9. C,,H,.O, requires C, 78-8; H, 
9-9%). 

Enol-acetylation of the 3,4a-Diketone (Ila; R = O).—The diketone (300 mg.) in acetic 
anhydride (4 ml.) and pyridine (4 ml.) was heated at 90—100° for 2 hr., then the solution was 
shaken with ice-water (200 ml.) and the precipitated solid purified from ethanol. 3-Acetoxy- 
58-methyl-a-homo-B-nor-25p-spirost-3-en-4a-one formed prisms, m. p. 226—229°, {a],,2? —119° 
(c 0-47), Amax, 230-5 my (¢ 7170), vnax, (in CCl,) 1760 (enol acetate), 1716 (sh) and 1672 cm.* (3-en- 
4a-one) (Found: C, 74:0; H, 9-0. C,,H,,O; requires C, 74-3; H, 9-15%). 

178-A cetoxy-58-methyl-a-homo-B-norandrost-3-en-4a-one (IIIc; R = H).—38,178-Diacetoxy- 
56-methyl-a-homo-B-norandrostan-4a-one (5 g.) in benzene (25 ml.) was percolated through a 
column of alumina (100 g.). Elution with benzene-ether (1: 1) and purification from aqueous 
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methanol gave 178-acetoxy-58-methyl-a-homo-B-norandrost-3-en-4a-one as needles, m. p. 126— 
127°, [a],?7 — 103° (c 0-50), Amax. 226°5 my (¢ 5230) (Found: C, 76-8; H, 9-1. C,,H,,0, requires 
C, 76-7; H, 9-4%). 

The foregoing 17-acetate (2 g.) was heated with potassium carbonate (1 g.) in refluxing 
70% aqueous acetone (100 ml.) for 1 hr.; crystallisation of the product from acetone—hexane 
gave the 17$-hydroxy-compound as leaflets, m. p. 166—168°, [a],2* —97° (c 0-12), Amex, 226 my 
(c 5380) and 314 my (¢ 130), vax. (in CCl,) 3621, 3020, and 1678 cm. (Found: C, 78-8; H, 
9:8. CopH 90, requires C, 79-4; H, 10-0%). 

This 178-hydroxy-compound (1-2 g.) was treated with propionic anhydride (2 ml.) in pyridine 
(5 ml.) for $ hr. on the steam-bath, to give the 17-propionate, which separated from methanol in 
prisms, m. p. 91—92°, [a],,2* —92° (c 0-71), Amax, 226 my (¢ 5340) and 314 my (ce 122), vmx. (in 
CCl,) 3025 (ethylenic C-H), 1734 (propionate), and 1675 cm."} (3-en-4a-one) (Found: C, 77-1; 
H, 9-65. C,3;H,,0, requires C, 77-1; H, 9-6%). 

58-Methyl-a-homo-B-norandrost-3-ene-4a,17-dione (I1lb; R = H), obtained by passing the 
38-acetoxy-4a,17-dione (IIb; R = 8-OAc) through alumina as described above, separated from 
hexane or aqueous methanol in fibrous crystals, m. p. 140—142°, [a],17 —48° (c 0-26), Amax. 
226 my (e¢ 4627) and 302 my (e 160) (Found: C, 80-05; H, 9-55. C, 9H,,O, requires C, 79-95; 
H, 9-4%). 

Reaction of 3-Acetoxy-58-methyl-a-homo-B-novandrostane-4a,17-dione (IIb; R = B-OAc) 
with Methylmagnesium Iodide.—The Grignard reagent was prepared from magnesium (5 g.) and 
methyl iodide (13 ml.) in dibutyl ether (100 ml.). A solution of the 38-acetoxy-4a,17-diketone 
(5 g.) in anhydrous tetrahydrofuran (100 ml.) was added, and the mixture was stirred under 
reflux for 6 hr., cooled, and decomposed in aqueous ammonium chloride containing crushed ice. 
The product was extracted with the addition of ethyl acetate, and the organic layer was washed 
and concentrated under reduced pressure to remove tetrahydrofuran and ethyl acetate. The 
product separated from the residual dibutyl ether on cooling and was purified from ethyl 
acetate, to give 4a£,58,17a-trimethyl-a-homo-B-norandrostane-38,4a£,178-triol as prisms, m. p. 
231—234°, [a],,2® —38° (c 0-89), vmax. (in Nujol) 3576 and 3406 cm. (no C:O absorption) (Found: 
C, 75-5; H, 10-8. C,.H;,0, requires C, 75-4; H, 10-9%). 

Treatment of the trihydroxy-compound with acetic anhdride—pyridine at 80—90° for 1 hr. 
gave the 3-monoacetate, which was purified from ethyl acetate to give flakes, m. p. 260—263°, 
[a),,2*> —49° (c 0-88), Vmax. (in Nujol) 3454 (associated OH) and 1705 cm. (associated OAc) (Found: 
C, 73:0; H, 9-9. C,,H4 O, requires C, 73-4; H, 10-3%). 

4a&,178-Dihydroxy-4a£,58,17«-trimethyl-a-homo-B-norandrostan-3-one (VIId; R= Me).— 
The 3,4a,17-trihydroxy-compound (1-7 g.) in ‘‘ AnalaR ” acetone (50 ml.) was oxidised with the 
chromic acid reagent (see above), and the product purified from ethyl acetate. The 3-ketone 
formed plates, m. p. 200—204°, {a],,24 —50° (c 0-53), Vmax. (in Nujol) 3395 (associated OH) and 
1670 cm."! (associated C:O) (Found: C, 75-65; H, 10-4. C,,H3,0, requires C, 75-8; H, 10-4%). 

178-Hydroxy-4a,5,17a-trimethyl-a-homo-B-norandrost-4(4a)-en-3-one (VIIId; R = Me).—The 
foregoing 3-ketone (1 g.) in methanol (20 ml.) and concentrated hydrochloric acid (1 ml.) was 
heated under reflux for 10 min.; then water was added and the product isolated with ether 
and purified from acetone-hexane. 17$-Hydroxy-4a,58,17«-trimethyl-a-homo-B-norandrost-4- 
(4a)-en-3-one was obtained as prisms, m. p. 170—172°, [a],,?® —180° (c 0-23), Amax, 246 my (e 
7830), Vmax. (in CCl,) 3613 (OH), 1663 and 1610 (A**)-3-ketone), and 1411 cm.! (CO-CH,) 
(Found: C, 80-0; H, 10-3. C,.,H,,O, requires C, 79-95; H, 10-4%). 


The authors thank the Directors of The British Drug Houses Ltd. for permission to publish 
this work. 
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901. Modified Steroid Hormones. Part XX.* The Dienone- 
Phenol Rearrangement of Some 11-Oxygenated A'**-Steroidal 3-Ketones, 


By Davip N. KirK and VLADIMIR PETROW. 


Successful extension of the dienone—phenol rearrangement to some 
1l-oxygenated structures is described. 


In an earlier publication } we reported our failure to apply the dienone—phenol rearrange- 
ment to some Al* and A!46-steroidal 3,11-diketones. ‘We now describe some further 
experiments employing new 1l-oxygenated structures which have been found to undergo 
the rearrangement. 

Pregn-4-ene-3,11,20-trione ? (I; R= <0, R’ = R” = R’” = H) was converted into 
the 2,6,17«-tribromo-derivative (I; R= :O, R’ = R” = R’” = Br) by reaction with 
3-mol. of bromine in acetic acid. Treatment of the tribromo-compound with boiling 
collidine afforded pregna-1,4,6,16-tetraene-3,11,20-trione* (II; R= 4‘O), which was 
characterised by its ultraviolet absorption (Amax, 230, 268, and 293 my; Ana, 238 my). 
This compound failed to undergo the dienone—phenol rearrangement on treatment with 
toluene-p-sulphonic acid in acetic anhydride at 100° for 2hr. When heating was prolonged 
for 12 hr., however, and the product saponified and purified by chromatography, a low 
yield of phenolic material was obtained which, on the basis of its spectral characteristics, 
appeared to be the required product (III; R= ‘O). There was insufficient material for 
complete purification. It is of interest that Elks e¢ al.4 have since reported an abnormal 
dienone—phenol rearrangement of prednisone acetate under somewhat unusual experimental 
conditions employing perchloric acid as catalyst. 
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We next turned our attention to 1lla-acetoxypregna-1,4,6,16-tetraene-3,20-dione * 
(II; R= OAc) which was conveniently prepared from 1la«-acetoxyprogesterone * 
(I; R = «-OAc, R’ = R” = R’”’ = H) by tribromination, followed by dehydrobromin- 
ation with collidine. The tetraene (II; R = «-OAc), in contrast to its 1l-oxo-analogue 
(II; R =O) (above), smoothly underwent the dienone—phenol rearrangement to give 
3,lla-diacetoxy-17-acetyl-1-methyleestra-1,3,5(10),6,16-pentaene (III; R= .a-OAc) in 


* Part XIX, preceding paper. 


1 Kirk, Patel, and Petrow, J., 1957, 1046. 

* Peterson, Murray, Eppstein, Reineke, Weintraub, Meister, and Leigh, J. Amer. Chem. Soc., 1952, 
74, 5933. 

* Cf. Djerassi, Rosenkranz, Iriarte, Berlin, and Romo, J]. Amer. Chem. Soc., 1951, 78, 1523, for the 
preparation of the 11-deoxy-analogue. 

* Elks, Oughton, and Stephenson, Proc. Chem. Soc., 1959, 6. 
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excellent yield. The pentaene was reduced catalytically to 3,11«-diacetoxy-178-acetyl-1- 
methyloestra-1,3,5(10)-triene (IV; R = «-OAc, R’ = Ac, R” = $-Ac), which was_con- 
verted by alkaline hydrolysis followed by methylation ® into 178-acetyl-3-methoxycestra- 
1,3,5(10)-trien-lla-ol (IV; R = a-OH, R’ = Me, R” = 8-Ac). Oxidation of the last 
compound with chromium trioxide in pyridine ® gave 178-acetyl-3-methoxycestra-1,3,5(10)- 
trien-ll-one (IV; R = :O, R’ = Me, R” = 6-Ac). 

116-Hydroxyandrost-4-ene-3,17-dione ’ is readily prepared by degradation of hydro- 
cortisone, and was therefore employed, as its 118-acetoxy-derivative,® for the preparation 
of an 11$-hydroxylated aromatic structure. The ll-acetate was treated in very dilute 
ethereal solution with 2 mol. of bromine in acetic acid; the 2,6-dibromo-derivative was 
obtained. Bromination in more concentrated solution, in contrast, led to the separation 
of the sparingly soluble 6-bromo-diketone, which was identified by its dehydrobromination 
to 116-acetoxyandrosta-4,6-diene-3,17-dione, Amax, 284 mu. 

Dehydrobromination of 11$-acetoxy-2,6-dibromoandrost-4-ene-3,17-dione furnished 
118-acetoxyandrosta-1,4,6-triene-3,17-dione (V) in rather low yield. Dienone—phenol 
rearrangement of the triene (V) proceeded normally, to give 3,118-diacetoxy-1-methyl- 
cestra-1,3,5(10),6-tetraen-17-one (VI; R= 6-OAc, R’=°0, R” = Ac), which was 
reduced catalytically to 3,118-diacetoxy-1-methyleestra-1,3,5(10)-trien-17-one (IV; R = 
8-OAc, R’ = Ac, R” =°O). As alkaline hydrolysis of the 11$-acetoxy-group was 
expected to offer difficulty, the diacetoxy-ketone (IV; R = 8-OAc, R’ = Ac, R” = :0) 
was reduced with lithium aluminium hydride, giving 1-methyloestra-1,3,5(10)-triene- 
3,118,178-triol (IV; R= R” = 6-OH, R’=H). We subsequently found that acylation 
of this compound with acetic anhydride—pyridine at 100° furnished the corresponding 
triacetate (IV; R= R” = $-OAc, R’ = Ac); which was smoothly hydrolysed to the 
parent triol by ethanolic potassium hydroxide. There is, consequently, no steric 
hindrance to hydrolysis of 118-acetoxy-groups in systems such as (IV; R = 8-OAc).1° 


EXPERIMENTAL 


Optical rotations were determined for CHCl, solutions in a 1 dm. tube. Ultraviolet (in 
EtOH) and infrared absorption spectra were kindly determined by Mr. M. T. Davies, B.Sc. 
B.D.H. alumina (chromatography grade) was employed throughout. 

Pregna-1,4,6,16-tetraene-3,11,20-trione (II; R = :O).—Pregn-4-ene-3,11,20-trione (10 g.) 
in dry ether (400 ml.) was cooled below 5° and treated with a drop of hydrogen bromide in 
acetic acid followed by bromine in acetic acid (90 ml. of 1-017M-solution; 3 mol.). After 
1-5 hr., when decolorisation was complete, the solution was washed repeatedly with water. 
The crystaliine material which separated in the ether phase was collected and washed with 
ether, to give crude 2,6,17«-tribromopregn-4-ene-3,11,20-trione (13-7 g.), m. p. 150—153°. 
Purified from methylene chloride—acetone it formed needles, m. p. 150—153° (decomp.), [a],,** 
+41° (c 0-21), Amax, 246°5 mp (ec 11,600) (Found: C, 44-7; H, 4-4; Br, 42-6. C,,H,,O,Br, 
requires C, 44-6; H, 4-5; Br, 42.4%). 

The tribromide (13 g. crude product above) in collidine (80 ml.) was heated under reflux in 
nitrogen for 2hr. The mixture was cooled and filtered, giving collidine hydrobromide (10-24 g., 
2:08 mol.). The filtrate was diluted with ether, and this solution washed with dilute sulphuric 
acid and water and dried, and the solvent removed. Chromatography of the product on 
alumina (100 g.), and elution with benzene-ether (4: 1), gave products deficient in ethylenic 
linkages, as indicated by their ultraviolet absorption spectra. Elution with benzene-ether 
(1:1) and ether gave pregna-1,4,6,16-tetraene-3,11,20-trione, which was purified from ethyl 


5 Djerassi, Lippman, and Grossman, J. Amer. Chem. Soc., 1956, 78, 2479. 

* Poos, Arth, Beyler, and Sarett, J. Amer. Chem. Soc., 1953, 75, 422; Herzog, Payne, Tully, and 
Hershberg, ibid., p. 5751. 

? Brooks and Norymberski, Biochém. J., 1953, 55, 371. 

8 Nussbaum, Brabazon, Oliveto, and Hershberg, J. Org. Chem., 1957, 22, 977. 

® Callow and James, J., 1956, 4739. 

10 Cf. Herzog, Joyner, Gentles, Hughes, Oliveto, Hershberg, and Barton, J. Org. Chem., 1957, 22, 
1413, who reported a similar reactivity of the 118-hydroxy-group in 18-nor-steroids. 
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acetate to give pale yellow flakes, m. p. 243—247°, [a),,** +345° (c 0-33), Amax. 230 (€ 17,650), 
268 (c 9550) and 293 mu (¢ 11,800), Ain, 238 my (¢ 16,700) (Found: C, 77-9; H, 6-8. C,,H,,0, 
requires C, 78-2; H, 6-9%). 

Dienone—Phenol Rearrangement of Pregna-1,4,6,16-tetrvaene-3,11,20-trione (Il; R = :O),— 
The tetraene (450 mg.), toluene-p-sulphonic acid (225 mg.), and acetic anhydride (12 ml.) were 
heated at 100° for 12 hr. The product was isolated with ether and formed a gum, Anax, 240 my 
(Ei%, 774), Aina. 282 my (£}%, 122). Hydrolysis of this material with potassium carbonate 
(250 mg.) in water (4 ml.) and methanol (12 ml.) at room temperature for 3 days, followed 
by dilution with water, acidification, and extraction with chloroform, gave non-crystalline 
material which was chromatographed on silica gel (30 g.; B.D.H. chromatography grade). 
Benzene-light petroleum (b. p. 40—60°) mixtures eluted 45 mg. of material which afforded a 
dark red 2,4-dinitrophenylhydrazone and was rejected. Benzene—ether eluates than gave 
30 mg. of gum, Amax, 221—222 (e 23,600), 253-5 (e 15,400), 318 my (e 3300) (¢ values are based 
on an estimated molecular weight of 322, i.e., C,,H,..O35). 

Acetylation with acetic anhydride (1 ml.) and pyridine (1 ml.) at 100° for 1-5 hr. gave an 
amorphous product, Amax, 250 (¢ 13,500), Aing, 284-5 (€ 2100), Amax, 313 my (¢ 2900) (c values are 
based on the formula C,,H,,0O,, M, 364), vax (in CS,) 1769 (“‘ phenolic’’ OAc), 1738 
(unexplained), 1710 (11-C:O), and 1675 cm. (A?*-20-C°0O). 

lla-Acetoxypregna-1,4,6,16-tetraene-3,20-dione (Il; R = a-OAc).—A stirred suspension of 
lla-acetoxyprogesterone (18-72 g.) in dry ether (500 ml.) at 5° was treated dropwise with 
bromine in acetic acid (148 ml. of 1-03m-solution; 3 mol.). Reaction occurred rapidly, and 
the solid dissolved. The ether was removed under reduced pressure without heating, and the 
residue diluted with water. The product was extracted with benzene which was washed, dried 
(Na,SO,), and evaporated under reduced pressure. The resulting crude tribromo-derivative 
in collidine (180 ml.) was heated under reflux in nitrogen for 2 hr. Extraction of the product 
as before, chromatography on alumina (200 g.), and elution with benzene gave low-melting 
materials. Elution with benzene-ether and ether furnished 1la-acetoxypregna-1,4,6,16-tetraene- 
3,20-dione. It was purified from acetone—hexane, forming ‘fibrous crystals, m. p. 237—240°, 
a},2> + 77° (c 0-27), Amax, 233-5 (¢ 17,800) and 295 my (e 11,000) (Found: C, 74-9; H, 7-0. 
C,,H,,O, requires C, 75-4; H, 7-2%). 

3, Lla-Diacetoxy-17-acetyl-1-methylestra-1,3,5(10),6,16-pentaene (II1; R = a-OAc).—The 
foregoing tetraene (2-3 g.) and toluene-p-sulphonic acid (0-4 g.) in acetic anhydride (20 ml.) 
were heated at about 60° for 18 hr. The mixture was poured into water, and the product was 
isolated with benzene-ether and purified from acetone—hexane. The pentaene formed flakes, 
m. p. 185—187°, [a),** —279° (c 0-53), Amax, 264—265 my (¢ 8450). vox (in CHCl,) 1762 
(‘‘ phenolic ’’ OAc), 1737 (OAc), 1660 and 1587 cm. {16-en-20-one) }* (Found: C, 73-9; H, 7-0. 
C,;H,,0, requires C, 73-5; H, 6-9%). 

3, lla-Diacetoxy-178-acetyl-1-methylestra-1,3,5(10)-triene (IV; R = a-OAc, R’ = Ac, R” = 
6-Ac).—The foregoing pentaene (1-21 g.) in methanol (100 ml.) was hydrogenated on 2% 
palladium-barium carbonate (250 mg.). 2-05 Molar proportions of hydrogen were absorbed. 
The catalyst was removed and the solvent removed. The residue was purified from acetone- 
hexane, to give the 1,3,5(10)-triene as rods, m. p. 174—175°, [a],24 —72° (c 0-55), Amax, 266—267 
mu (¢ 343) (Found: C, 72-8; H, 7-7. C,;H;,0, requires C, 72-8; H, 7-8%). 

178-Acetyl-1-methylestra-1,3,5(10)-triene-3,lla-diol (IV; R = a-OH, R’ = H, R” = Ac).— 
The diacetate (500 mg.) in 90% methanol (25 ml.) containing potassium hydroxide (300 mg.) 
was heated under reflux for 2 hr. Dilution with water gave a clear solution, which was acidified, 
and the precipitated material was extracted with chloroform. Purification from aqueous 
methanol gave the lla-hydroxyphenol as fibres, m. p. 106—112°, [a],,?* —18° (c 0-19), Amax. 
283-5 my (e 1000) (Found: C, 74-9; H, 8-6. C,,H,.,O, requires C, 76-8; H, 8-5%). 

178-A cetyl-3-methoxy-1-methylestra-1,3,5(10)-trien-lla-ol (IV; R = «-OH, R’ = Me, R” = 
Ac).—A solution of the above phenol (250 mg.) in ethanol (15 ml.) was stirred at 60° and treated 
alternately with four portions of dimethyl sulphate (2-5 ml. each) and of 60% aqueous sodium 
hydroxide (1-8 ml. each). After }$ hr. the mixture was diluted with water, and the product 
extracted with chloroform. After washing and evaporation of the solvent, the residue, in 
benzene, was percolated through alumina (3 g.; Brockmann grade IV). The eluted material 


11 Dorfmann, Chem. Rev., 1953, 58, 47. 
12 Jones and Herling, J. Org. Chem., 1954, 19, 1252. 
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was purified from aqueous methanol, to give the 3-methoxy-derivative as granules, m. p. 125— 
126°, [a],"> —56° (c 0-07), Amax. 280 (¢ 1020) and 283 my (ec 1060) (Found: C, 77-5; H, 91. 
CygHgoO; requires C, 77-2; H, 88%). 

178-A cetyl-3-methoxy-1-methylestra-1,3,5(10)-trien-ll-one (IV; R= 0, R’ = Me, R” = 
Ac).—The foregoing compound (100 mg.) in anhydrous pyridine (3 ml.) was added to chromium 
trioxide (100 mg.) in pyridine (2 ml.), and the mixture shaken intermittently for 24 hr. Extrac- 
tion with benzene and purification from acetone—hexane gave the 11-ketone as needles, m. p. 
187—189°, [a),2* +371° (c 0-06), Amax, 276 my (¢ 1500), Vmax, (in CS,) 1717 (11-C:O influenced by 
aromatic system), 1706 (20-C:O), and 1147 cm.?! (3-methoxy-aromatic system) ™ (Found: 
C, 76-9; H, 8-4. C.,H,,0, requires C, 76-6; H, 8-3%). 

Bromination of 118-Acetoxyandrost-4-ene-3,17-dione.—(a) 11$-Acetoxyandrost-4-ene-3,17- 
dione (1:15 g.), suspended in dry ether (100 ml.) at 0—5°, was treated dropwise with bromine 
in acetic acid (6-3 ml. of 1-08M-solution; 2 mol.). The material dissolved rapidly and was 
soon replaced by a fine precipitate which was collected and crystallised from methylene 
chloride-hexane, to give (crude) 11$-acetoxy-6-bromoandrost-4-ene-3,17-dione as needles, 
m. p. 162—164° (decomp.), [a],?° +86° (c 0-45), Amax, 234 my (¢ 13,450) (Found: C, 58-7; 
H, 6-2; Br, 20-2. Calc. for C,,H,,O,Br: C, 59-6; H, 6-4; Br, 18-9%). 

Dehydrobromination of the crude 6-bromo-compound (500 mg.) in collidine (7 ml.) under 
reflux for 1 hr. gave 118-acetoxyandrosta-4,6-diene-3,17-dione, needles (from acetone—hexane), 
m. p. 160—162° or 176—179°, Amax, 280 my (e 25,000) (Found: C, 73-8; H, 7-6. C,,;H,,.0, 
requires C, 73-7; H, 7-7%). 

(6) A repetition of the foregoing bromination, with 3-5 times the volume of ether, gave a 
clear solution which was concentrated under reduced pressure and diluted with hexane, -to 
precipitate the crude 2,6-dibromo-derivative, m. p. 176—180°. After purification from acetone— 
hexane the compound was obtained as flakes, m. p. 186—189°, [a],?* + 128° (c 0-52), Amax. 
238—240 my (c 10,700) (Found: C, 50-8; H, 5-3; Br, 30-8. C,,H,,0,Br, requires C, 50-2; 
H, 5-3; Br, 31-8%). 

118-A cetoxyandrosta-1,4,6-triene-3,17-dione (V).—The 2,6-dibromo-derivative (7 g.) in 
collidine (50 ml.) was heated under reflux in nitrogen for 1 hr., giving the trienone, which 
separated from acetone—-hexane in prisms, m. p. 196—200°, {a],*° +174° (c 0-22), Amax, 226 
(c 9800), 248 (c 9600), and 296 my (e 10,200) (Found: C, 73-8; H, 6-8. C,,H,,O,4 requires 
C, 74:1; H, 7-1%). 

3,118-Diacetoxy-1-methylestra-1,3,5(10),6-tetraen-17-one (VI; R = B-OAc, R’ = °:O, R” = 
Ac).—118-Acetoxyandrosta-1,4,6-triene-3,17-dione (1 g.) and toluene-p-sulphonic acid (300 mg.) 
in acetic anhydride (20 ml.) were heated on the steam-bath for 5 hr. The mixture was poured 
into water, and the product was isolated with benzene and purified from methanol. 3,116- 
Diacetoxy-1-methylestra-1,3,5(10),6-tetraen-17-one formed needles, m. p. 219—220°, {a],,2* —25° 
(c 0-23), Amax, 266—267 mu (e 9800) 1! (Found: C, 71-8; H, 6-85. C,3;H,,0O,; requires C, 72-2; 
H, 6-85%). : 

3,118-Diacetoxy-1-methylestra-1,3,5(10)-trien-1\7-one (IV; R= 8-OAc, R’= Ac, R” = 
:O).—The foregoing tetraene (920 mg.) in methanol (150 ml.) was hydrogenated on 3% 
palladium—barium carbonate (200 mg.). One mol. of hydrogen was absorbed. The resulting 
triene, after purification from acetone—hexane, formed blades, m. p. 160—162°, [a],?* + 168° 
(c 0-36), Amax, 270 mu (e 342) 1! (Found: C, 71-6; H, 7-4. C,,H,,O,; requires C, 71-9; H, 7-3%). 

1-Methylestra-1,3,5(10)-triene-3,118,178-triol (IV; R = R” = $-OH, R’ = H).—A solution 
of the foregoing diacetate (200 mg.) in anhydrous tetrahydrofuran (60 ml.) was treated with 
lithium aluminium hydride (500 mg.) in tetrahydrofuran (30 ml.), and the mixture heated under 
reflux for 5hr. After destruction of excess of reagent by ethyl acetate (5 ml.) in ether (25 ml.), 
dilute sulphuric acid and chloroform were added. The chloroform layer was washed, dried 
(Na,SO,), and evaporated. The residual gum crystallised with difficulty from aqueous 
methanol. The 3,118,178-trihydroxy-compound was obtained in a solvated form, which was 
not completely freed from solvent by drying in vacuo at 100°. It formed flakes, m. p. 130— 
132° with frothing, [a],,2° +10° (c 0-07), Amax. 283—287 my (¢ 1460) (Found: C, 72-4; H, 8-7. 
C,gH,,O0, requires C, 75-5; H, 8-7., C,,H,,0,,CH,°OH requires C, 71-8; H, 9-0%). 

The 3,11,17-triacetate, prepared by treating the triol with acetic anhydride—pyridine on the 
steam-bath for 2 hr., separated from aqueous methanol in needles, m. p. 144—148°, [a],,!® + 78° 
(c 0-27), Amax, 268 mu (€ 355), Amax, (im CCl,) 1737 (OAc) and 1762 cm.? (“ phenolic ’’ OAc) 
(Found: C, 69-8; H, 7-2. C,,;H,.O, requires C, 70-1; H, 7-5%). 
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Alkaline Hydrolysis of 3,118-Diacetoxy-1-methylestra-1,3,5(10)-trien-17-one (IV; R = B-OAc, 
R’ = Ac, R” = :O).—-The diacetate (55 mg.) was treated with potassium hydroxide (100 mg.) 
in 90% aqueous methanol (6 ml.) under reflux for 2 hr. The solution was acidified with dilute 
sulphuric acid, and the product was extracted with chloroform and purified from acetone 
hexane. 3,118-Dihydroxy-1-methylestra-1,3,5(10)-trien-17-one formed square prisms, m. p, 
227—228°, Amax, 283 (¢ 1500) and 287 my (e 1530), vngx (in Nujol) 3508 and 3435 (OH) and 
1700 cm. (C:O) (no OAc bands) (Found: C, 75-8; H, 8-1. C,gH,,O; requires C, 76-0; H, 8-0%), 


The authors thank the Directors of the British Drug Houses Ltd. for permission to publish 
this work. 


CHEMICAL RESEARCH LABORATORIES, THE British DruG Houses LTp., 
Lonpon, N.1. [Received, May 5th, 1960.) 


902. The Kinetics of the Pyrolysis of Cyclopentyl Chloride. 


By E. S. SWINBOURNE. 





In “‘ seasoned ”’ reaction vessels gaseous cyclopentyl chloride decomposes 
in the range 309—376° by a nearly homogeneous first-order reaction to give 
cyclopentene and hydrogen chloride. The presence of cyclohexene does not 
affect the rate, and bromine causes only a slight acceleration. The rate is 
expressible as k, = 10!*"47 exp (—48,300/RT) (sec.“!) and there is no variation 
in rate coefficient over the initial pressure range 40—400 mm. The results 
are consistent with a unimolecular elimination of hydrogen chloride. The 
faster rate compared with those of cyclohexyl chloride and s-butyl chloride 
is attributed to steric acceleration. 


In polar solvents cyclopentyl compounds undergo solvolysis and elimination reactions 
more rapidly than do the corresponding cyclohexyl compounds. In view of the proposed 
analogy between the rates of unimolecular pyrolysis of alkyl halides in the gas phase and 
the Syl or E1 reactions in solutions,” the present investigation was undertaken to determine 
whether this analogy was maintained for the gas-phase dehydrochlorination of cyclopentyl 
and cyclohexyl chloride. 

In a previous paper * cyclohexyl chloride was shown to decompose in the range 318— 
385° to cyclohexene and hydrogen chloride by a homogeneous unimolecular mechanism. 
No previous study of the pyrolysis of cyclopentyl chloride has been reported, although 
the kinetics of the gas-phase dehydrobromination of cyclohexyl* and cyclopentyl 5 
bromide have been investigated by other workers. 


EXPERIMENTAL 


Cyclopentyl chloride, prepared from cyclopentanol and zinc chloride—hydrochloric acid, was 
shaken in turn with concentrated sulphuric acid, saturated sodium hydrogen carbonate solution, 
and potassium chloride solution, dried (CaCl,), fractionally distilled, and collected at b. p. 
113-5°/760 mm. It had .* 1-4489 (lit.,° 113°/760 mm., a, 1-4490 (Found: C, 57-5; H, 8-7; 
Cl, 34-2. Calc. for C,H,Cl: C, 57-4; H, 8-7; Cl, 33-9%). 

Cyclopentene, freshly distilled from 85% phosphoric acid—cyclopentanol, was washed with 
calcium chloride solution, dried (CaCl,), and fractionally distilled. It had b. p. 44-4°/760 mm. 
(lit.,? 44-4°/760 mm.). 


1 Brown, Fletcher, and Johannesen, J. Amer. Chem. Soc., 1951, 78, 212; Brown and Ham, ibid, 
1956, 78, 2735; Roberts and Chambers, ibid., 1951, 78, 5034; Winstein, Morse, Grunwald, Jones, Corse, 
Trifam, and Marshall, ibid., 1952, '74, 1127. 

2 Maccoll and Thomas, Nature, 1955, 176, 392. 

% Swinbourne, Austral. J. Chem., 1958, 11, 314. 

* Green and Maccoll, J., 1955, 2449. 

5 Price, Shaw, and Trotman-Dickenson, J., 1956, 3855; Kale and Maccoll, J., 1957, 5020. 

* Roberts and Chambers, J. Amer. Chem. Soc., 1951, 73, 5030. 

? Egloff, ‘‘ Physical Constants of Hydrocarbons,” Reinhold, New York, 1940, Vol. II, p. 306. 








a am 


a eS aL aL es 


a +S SS —- ws 


was 
ion, 


8-7; 


with 
mim, 


bid., 
orse, 











[1960} Pyrolysis of Cyclopentyl Chloride. 4669 


The purification of cyclohexene has been described elsewhere.*® 

The decompositions were carried out in a Pyrex glass vessel (~350 ml.) housed in a metal- 
block thermostat which was heated electrically and controlled to +0-1° with a Sunvic controller 
type RT2. Temperatures were measured with a chromel-alumel thermocouple calibrated 
against a rare-metal couple which had been checked by the National Standards Laboratory, 
Sydney, and were considered accurate within +0-5°. The reaction vessel was connected to a 
high-vacuum system and reagents were introduced from vapour reservoirs. Parts of the 
reaction system external to the furnace, and vacuum-lines used for handling condensable 
materials, were heated with electrical resistance wire. After the vessel had been “ seasoned ” 
with the pyrolysis products of allyl bromide, the decomposition of cyclopentyl chloride was 
followed by measuring the rate of pressure increase, a glass-membrane gauge of the type 
described by Mouquin and Garman * and Newton ® being used. Care was taken to exclude 
even traces of oxygen as these were found to have an accelerating effect. The membrane 
gauge, which was used as a null-point detector, consisted of two chambers separated by a thin 
glass diaphragm silver-coated on the balancing side. A galvanometer lamp was focused upon 
the silver surface, and the reflected image of the cross-hairs viewed on a ground screen: 
deviation from the point of balance could be detected by both movement of and decrease in 
clarity of the image. Several gauges were constructed which had a sensitivity of ~0-1 mm., 
and could withstand 1 atm. differential pressure. 

As a check on the stoicheiometry, decompositions were carried out until no further increase 
in pressure was detectable. In all cases, the final pressure (p;) was almost twice the initial 
pressure (pf ) as shown in Table 1. 


TABLE 1. Ratio of final to initial pressure. 


Temp. (°c) .......+ 376-1 3586 3585 341-7 341-7 341-6 3253 325-0 309-6 
Po (mm.) ......0.000. 950 524 1505 548 1568 874 2229 2094 100-7 
ails bikes 199 194 «424196 2197 £4199 196 198 196 1-98 
Time (hr.) ......... 18 26 7 19 48 21 45 21 91 


There was also good agreement between the extent of decomposition as predicted from 
pressure measurements and from titration of the hydrogen chloride formed. In a series of runs 
the contents of the reaction vessel were rapidly condensed into a phial containing a small amount 
of distilled water cooled in liquid air. (There were no noticeable quantities of non-condensable 
material.) The contents of the phial were added to distilled water and titrated with standard 
alkali (Table 2). 


TABLE 2. Agreement between pressure change and hydrogen chloride analysis. 


TI chisitieccenaniiekiapeoneit 309-0° 309-0° 309-0° 325-0° 325-0° 341-9° 341-7° 
MMS kntcbiccacdbesccssccuccs 219-3 442-8 203-8 210-9 213-5 249-0 156-8 
Decompn. (%) (press.) ...... 66-9 16-2 96-4 26-7 79-1 49-1 99-4 

“s (anal.) ...... 66-6 16-5 97-1 27-2 78-9 50-8 98-8 


Cyclopentene was identified as the main organic pyrolysis product by means of its infrared 
absorption spectrum.* The products of a run approaching complete decomposition were 
collected in a phial cooled in liquid air, and the sample was warmed to room temperature. The 
infrared spectrum (3500—650 cm.) immediately obtained compared almost identically with 
that of a sample of pure cyclopentene to which a trace of silicone grease (used as stopcock 
lubricant) had been added. 

The stability of cyclopentene was tested by heating this substance alone in a seasoned 
reaction vessel at 376° for 52 hr. During this time the pressure increased only from 142-2 to 
144-2mm. Vanas and Walters !° identified cyclopentadiene and hydrogen as the main pyrolysis 
products from cyclopentene. * The first-order rate coefficient for the decomposition was 
expressed as k, = 1-10 x 10% exp (—58,800/RT) (sec.) which gives a half-life of 46 days at 
376° compared with 7 min. for cyclopentyl chloride at the same temperature. The secondary 
decomposition may therefore be ignored in the present work. 

Kinetic Results.—For kinetic runs over the range 309—376°, the rate of pressure increase 


* The author is indebted to Mr. I. Reece for these analyses. 

§ Mouquin and Garman, Ind. Eng. Chem., Analyt., 1937, 9, 287. 
® Newton, J. Chem. Phys., 1950, 18, 797. 

10 Vanas and Walters, J. Amer. Chem. Soc., 1948, 70, 4035. 
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closely followed the first-order law, k,t = In [po/(2) — p)] to at least 75% decomposition, and 
no induction period was apparent. At a given temperature, the rate coefficient showed no 
significant variation with changes in the initial pressure of cyclopentyl chloride from 40 to 
400 mm., and the rate of decomposition was not affected by the presence of large quantities of 
cyclohexene (an efficient inhibitor of radical-chain reactions"); k, was estimated from the 
slope of the graph of log (26) — p) against ¢ (‘‘ orthodox ’”’ method) and by Guggenheim’s 
method." There was good agreement between the two sets of values so obtained, provided 
Allen’s correction * was applied for 2% ‘‘ dead-space’”’ in the reaction system. (9 was 
estimated by direct extrapolation to zero time ' or indirectly from ,. in the case of kinetic 
runs for which the theoretical starting time of the reaction was not accurately known.) 
Reaction rate coefficients for cyclopentyl chloride decomposition at 342° with and without 


TABLE 3. Decompositions at 342°. 


Be CIAL) o0<ccscescosses 53 65 87 105 202 298 420 53 1 158 * 
105k, (sec.~!) (orth.) 20-5 20-9 19-5 20-3 21-1 20-7 20-6 19-9 20-6 
105k, (sec.“) (Gugg.) - 21-7 20-7 22-2 22-7 21-6 20-4 20:3 19-9 


‘t Decomposition in presence of 103 mm. of cyclohexene. 
42 Decomposition in presence of 101 mm. of cyclohexene. 


TABLE 4. The temperature dependence of rate coefficient. 


DS oe vit tsdacdcsces 309° 326° 342° 359° 376° 
BOR, (n06."9)  ..002.:- 2-21 + 0-06 7-02 + 0-28 20-8 + 0-4 59-7 + 1-1 162-8 + 1-8 
| fo 10 6 9 7 10 


added cyclohexene are shown in Table 3, which is typical of results also obtained at other 
temperatures. These are summarised in Table 4 as mean rate coefficients with 90% confidence 
limits of the mean (runs with and without inhibitor have been combined). 

The constants in the Arrhenius equation, k, = A exp (—E/RT), were estimated from the 
best straight line of log k, plotted against 1/T by the least-squares procedure. The same 
statistical weight was given to each individual run and it was assumed that all errors resided 
in the log k values and none in T. The results (with 90% confidence limits) were: 


E = 48-29 + 0-27 kcal. per mole 
logy, A = 13-47 + 0-10; A = 3-0 x 10% (sec.~4) 
[The corresponding results for cyclohexyl chloride decomposition (total of 90 runs with and 
without inhibitor) were * 
E = 49-19 + 0-52 kcal. per mole 
logy, A = 13-50 + 0-18; A = 3-2 x 10! (sec.“4).] 
In order to check the effect of surface upon the rate of decomposition, ten runs were made 


in a reaction vessel packed with glass tubes and seasoned by the products of pyrolysis of allyl 
bromide. As shown in Table 5, a 14-fold increase in surface : volume ratio resulted in only a 


slight (~15%) increase in the rate, and decomposition in the unpacked vessel was therefore 
almost entirely homogeneous. (Runs in unpacked, unseasoned vessels were ~100-fold faster 


than those in seasoned vessels.) 


TABLE 5. Decompositions in a packed vessel. 


TN cshiarsincetinvercnqeeeties 309° 326° 342° 359° 
Mean 10°, (sec.“1) ............ 2-69 8-10 22-6 67-2 
(3 runs) (2 runs) (2 runs) (3 runs) 


The addition of small amounts of bromine to decomposing cyclopentyl chloride at 326° 
caused a slight but barely significant increase in the rate of pyrolysis (Table 6). Since bromine 


* This equation differs slightly from that previously reported * and now includes a ‘‘ dead-space ” 
correction. 


11 Maccoll and Thomas, J., 1955, 2445. 

1 Guggenheim, Phil. Mag., 1926, 2, 538. 

13 Allen, J. Amer. Chem. Soc., 1934, 56, 2053. 
144 Swinbourne, /., 1960, 2371. 








re 


ind 


to 
3 of 
the 
m’s 
led 
was 
atic 
yn.) 
out 


a2 
)-6 
9 


8 


her 
nce 


the 
ume 
ded 


and 


ade 
lyl 
ly a 
fore 
ster 


326° 
nine 


” 


ce 








(1960) Pyrolysis of Cyclopentyl Chloride. 4671 


has been shown * to act as a stimulant for radical-chain reactions, it was concluded that these 
reactions were not readily sustained by the reacting mixture. 


TABLE 6. Effect of added bromine (at 326°). 


Po (cyclopentyl chloride) (mm.) ............... 105 108 104 
SF OU IRD. ssheccsisnscbiesnebecersssna= 0 8 5 
OG ILE Sadsepescessnncsuinsesensiogesentinanas 7-0 8-0 76 


DISCUSSION 


Cyclopentyl chloride has been shown to pyrolyse in “‘ seasoned ’’ reaction vessels by a 
nearly homogeneous first-order reaction to yield cyclopentene and hydrogen chloride. 
Side reactions are negligible. The absence of induction periods, the lack of inhibition 
by cyclohexene, and the relatively small effect of added bromine upon the rate provide 
evidence against a radical-chain mechanism for the pyrolysis. The magnitude of the 
activation energy (48-3 kcal./mole) eliminates the possibility of a radical non-chain process 
of the type discussed by Daniels and Veltman,” since the activation energy for such a 
mechanism must be of the order of the energy of homolysis of a secondary C-Cl bond 
(~82 kcal./mole). The results, however, are consistent with a unimolecular elimination 
of hydrogen chloride through a four-centre transition state (as inset) proposed by Barton 
and his co-workers.!718 The Arrhenius A factor, 3-0 x 10! (sec.) is of a magnitude 
Nc:c- regarded as “‘ normal”’ for a unimolecular process, and the activation energy is 
a slightly lower than for other secondary chlorides which have been studied.318-19 

HCl The lower activation energy for the unimolecular decomposition of the cyclopentyl 
compound is also shown by the corresponding bromides *-> (see Table 7). 

Although the bromides decompose about ten times as fast as the corresponding 

chlorides, both sets of compounds show similar rate sequences, as shown in Table 8 (the 


TABLE 7. Unimolecular dehydrohalogenations in the gas phase. 


Chlorides Bromides 
E (kcal./mole) log A E (kcal./mole) log A 
ND -sancspiccusinnovetasntotsines 50°5 13-4 47'8 13-62 
DEE inudsoteslacativcbevecsionsees 50-1 13-75 46-5 13-53 
GENIE ccrsedisdcincsmparecesceeps 49-2 13-50 46-1 13-38 
RAO  iadcacs cntdctqiptoedeees 48-3 13-47 43-7 12-84 


TABLE 8. Relative rates of pyrolysis of chlorides and bromides (367°). 


Isopropyl < s-Butyl ~ Cyclohexyl < Cyclopentyl 
BD vives cnst tivated sonsedes 0-3 : 1-0 : 1-1 g 2-1 
EIT i isso pienscancnnnyanisvens 0-4 : 1-0 : 1-0 : 1-9 


rate for the s-butyl compound has been taken as unity in each case). The close agreement 
between the two sets of data is indicative of a common mechanism. The cyclohexyl and 
s-butyl compounds pyrolyse at about the same rate, and both decompositions involve the 
elimination of a secondary hydrogen atom together with the secondary chlorine, while in 
the case of the isopropyl compound, a primary hydrogen atom is eliminated and the 
pyrolysis rate is correspondingly lower. Cyclopentyl chloride and bromide pyrolyse at 
approximately twice the rate of the corresponding cyclohexyl and s-butyl compounds, 
and an explanation for this abnormality can be provided in terms of the conformational 
characteristics of the five-membered ring: If the 4-centre transition state requires a 
planar arrangement of the halogen atom, the 6-hydrogen atom, and the two carbon atoms 

Daniels and Veltman, J. Chem. Phys., 1939, 7, 756. 

1 Lane, Linnett, and Oswin, Proc. ‘Roy. Soc., 1953, A, 216, 361. 

? Barton and Onyon, Trans. Faraday Soc., 1949, 45, 725. 

'§ Barton and Head, Trans. Faraday Soc., 1950, 46, 114. 


® Stone, M.Sc. Thesis, London, 1958. 
#0 Maccoll and Thomas, J., 1955, 979; Kale, Maccoll, and Thomas, /., 1958, 3016. 
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to which these are attached, then this situation is stereochemically favoured by the almost 
planar cyclopentane ring and not by cyclohexyl or straight-chain alkyl compounds in 
which the halogen and @-hydrogen atoms would be required to move from the more 
energetically favoured “staggered” position to one of “eclipse.”” The increased 
reactivity of cyclopentyl compounds may therefore be regarded as an example of “ steric 
acceleration.” 

Analogous behaviour has been observed for the solvolysis of the corresponding toluene- 
p-sulphonates and arylsulphonates,! and a similar explanation has been proposed." In 
both solution and the gas phase, the cyclohexyl compound has approximately the same 
reactivity as a secondary substituted straight-chain paraffin. 

The enhanced rate of pyrolysis of cyclopentyl chloride may be attributed to a lower 
activation energy rather than to a variation in the A factor. The difference between the 
heats of hydrogenation of gaseous cyclopentene and cyclohexene is of the same order of 
magnitude (1-7 kcal./mole 2“) and it would be of interest to the present study to determine 
the corresponding enthalpy difference for the hydrohalogenation. 


The author is indebted to Dr. Allan Maccoll for helpful advice, and to the Imperial Chemical 
Industries of Australia and New Zealand Ltd. for the award of a Post-Graduate Travelling 
Fellowship. 
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[Present address: UNIVERSITY COLLEGE, LONDON, W.C.1.] [Received, May 26th, 1960.) 


#1 de la Mare in “‘ Progress in Stereochemistry,’’ ed. Klyne, Butterworths, London, 1954, Vol. I, 


p- 105. 
22 Dolliver, Gresham, Kistiakowsky, and Vaughan, J. Amer. Chem. Soc., 1937, 59, 831. 





903. Hydrolysis of N -Acylphosphoramidic Acids. Part III N- 
Benzoylphosphoramidic Acid and Diphenyl N-Dihydroxyphosphinyl- 
phosphoramidate. 


By M. Hartmann, A. Lapipot, and Davip SAMUEL. 


The hydrolysis of N-benzoylphosphoramidic acid, NHBz:PO(OH),, is 
acid-catalysed, and has a maximum rate at about pH 4:0. In slightly acid 
and in alkaline solutions the rate is small. Both at pH 4 and in strongly 
acid solutions, solvolysis is faster in D,O than in water. At high concentra- 
tions of perchloric acid the rate is proportional to the concentration of H,O* 
with a slope of 1. 

The hydrolysis of diphenyl N-dihydroxyphosphinylphosphoramidate, 
(HO),PO*-NH-PO(OPh),, is very slow in acid and is negligible in alkaline 
solution. Around pH 4 the rate of hydrolysis passes through a pronounced 
maximum. This rate is much less than that of other N-acylphosphoramidic 
acids. 


Hydrolysis of N-Benzoylphosphoramidic Acid.—N-Benzoylphosphoramidic acid,? being 
stable, crystalline, and easily purified, is convenient for a study of the hydrolysis of the 
phosphorus-nitrogen bond. It is now found to be hydrolysed quantitatively in aqueous 
solutions to benzamide and orthophosphate, the reaction being of the first order. The 
pH-dependence is described in Table 1 and in Fig. 1. The hydrolysis of N-benzoyl- 
phosphoramidic acid showed the characteristic maximum rate at pH 4-0, where most of 

1 (a) Lapidot and Halmann, /., 1958, 1713, and (6) Halmann and Lapidot, J., 1960, 419, are to be 
considered as Parts I and II. 


2 Titherley and Worral, J., 1909, 95, 1143; Kirsanov and Makitra, Zhur. obshchei Khim., 1956, 26, 
905, 907; 1957, 27, 450. 
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the substrate exists as the monoanion. This is analogous to the results for N-phospho- 
urethane, N-arylphosphoramidates,’ and various alkyl phosphates. However, in contrast 
to results with N-phosphourethane, a minimum in the rate of hydrolysis occurs at about 
1n-acid, and at higher concentrations of perchloric acid the rate increases steeply. 


TABLE 1. Dependence of rate of hydrolysis of N-benzoylphosphoramidic acid 
on pH at 37-0°. 


~e ¢ HCl HCl KHT KHP AB DB Na,B,0O, NaOH 
solven L L7n O117N 003m 0-05m 0-1M 0-05m 0-5M 0-12N 

See 0-93 3-58 4-02 4-67 7-03 9-07 

10*% (obs.) (sec.~!) ... 0-314 0-89 1-78 1-85 1-67 0-13 00021 0-0015 + 


* KHT = KH tartrate; KHP = KH phthalate; AB = acetate buffer; DB = Et, barbiturate. 
¢ At 60-0°. 

At the pH range 1—9 the rate data can be analysed to yield the specific rate constants 
of hydrolysis of the neutral acid ky, of the monoanion ,, and of the dianion k,. Results 
at several temperatures are given in Table 2, together with energies and entropies of 
activation. 


TABLE 2. Specific rate constants of hydrolysis of N-benzoylphosphoramidate. 


AE AS 

Temp. 25-0° 37-0° 60-0: (kcal./mole) (e.u.) 

DR RRC): cscccnccssccscccscccsessess 0-165 0-865 17-1 26-4 +10 
PEE STD. sccdvcncsccsscreaseaveenes 0-34 1-84 33-9 25:8 -++-7-54 


Big GIG) cnvccccccssccocsccocccocsce 0-0021 


In order to determine whether the amino-hydrogen atom of N-benzoylphosphoramidic 
acid has any function in the transition state the rates were measured in water and in D,O. 
The rates of solvolysis of phosphourethane have been found ” to be the same in water 
and in D,O within experimental error. However, as is shown in Table 3, there is a 
noticeable isotope effect in the hydrolysis of N-benzoylphosphoramidic acid at 37-0°. 
As is shown in the last column, both at pH 4 and in concentrated acid solution, the rate 


TABLE 3. Solvolysis of N-benzoylphosphoramidic acid in water and D,O at 37°. 
Rate, 10‘ (sec.-") (obs.) 


Buffer pH Substrate In H,O In D,O kpl/k 


~ 


it 
‘ . NHBz-:PO(OH 1854001 2-26 4+ 0-01 1-22 
K H phthalate, 0-05m...... 40 { NDBzND'PO.OD), 1-87 - 0-01 2:16 + 0-01 1-16 
a ta { NHBz-PO(OH), 0344001 0-46 4 0-01 1-35 
eas, BPE. cccccccdsacnsocccs NDBz-PO(OD), 0-34 + 0-005 
i ctsonncie NHBz-PO(OH), 0:53 + 0-005 0-65 +4. 0-02 1-2 


of hydrolysis increases by about 20% in D,O. Further, the rate of solvolysis of N- 
benzoylphosphoramidic acid in which both the amino- and the hydroxyl-hydrogen atoms 
are replaced by deuterium is equal to that of the unsubstituted compounds. This is 
probably due to the fact that both the hydroxyl and the amino-hydrogen atoms are 
exchanged with the solvent hydrogen faster than the substrate is solvolysed. While the 
dissociation constants of protio- and deutero-phthalic acid certainly are not equal, the 
difference is probably similar to that between protio- and deutero-N-benzoylphosphoramidic 
acid, which is of a similar charge type. At about pH 4, a slight shift in the pH value of 
the maximum rate should be expected. The increase in rate in D,O indicates a higher 
dissociation constant for N-benzoylphosphoramidic acid. 

The effect of increasing acid concentration on the rate of solvolysis is given in Table 4. 
The plot of log & against log (stoicheiometric perchloric acid concentration) curves strongly 
upward. The plot against H, is linear, but with a slope of 0-14. 

% Chanley and Feageson, J. Amer. Chem. Soc., 1958, 80, 2686. 


* Westheimer, Chem. Soc. Spec. Publ. No. 8, 1957, p. 1; Vernon, ibid., p. 17, giving previous 
references. 
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The ionic-strength effect on acid-catalysis was investigated by a series of kinetic runs 
in the presence of varying concentrations of sodium perchlorate, the total perchlorate ion 
concentration being constant at 6-On.° The results are given in Table 5. Here too, a 


TABLE 4. 
HCIO,, 1-02 4-05 5-9 6-1 7-8 8°75 9-4 11-3 11-5 
ee Ree 0-23 1-74 2-8 2-9 4:25 4-87 5-35 
10*k (sec.-1) (obs.) 0-372 0-50 0-80 0-98 1-09 1:7 2-25 5-85 7-2 


plot of log & against H, is linear, with a slope of 0-2. From a plot of & against the con- 
centration of perchloric acid, a value for the “ neutral” rate of hydrolysis in strongly acid 
solution can be obtained by extrapolation to zero acid concentration. At 37° this is 
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Fic. 1. pH-dependence of hydrolysis of N-benzoyl- 
phosphoramidic acid in aqueous solution. 


10*k(sec?’) 


° 
@ 
T 
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(0-41 + 0-01) x 104 sec.t. A plot of log (k — 0-41) against log [HCIO,) fits a straight 


line with unit slope, within the experimental error. On the other hand, a plot of log 
(k — 0-41) against H, has a slope of 0-57. The rate of the acid-catalysed hydrolysis of 


TaBLe 5. Hydrolysis at constant perchlorate-ion concentration. 


Na Weeki scctiwsi cocks 1-0 2-0 3-0 5-0 6-0 
ONG ITE» (cniecindsinithitaned 5-0 4-0 3-0 1-0 0 
~~ {ae 0-502 0-600 0-638 0-835 0-978 
—H 1-46 1-84 2-13 2:77 3-06 


re 


N-benzoylphosphoramidic acid thus is not proportional to Hy, but is proportional to the 
concentration of HCIO, (see Fig. 2). 

Hydrolysis of (HO),PO-NH-PO(OPh),.—Kirsanov and Zhmurova ® recently described 
the preparation of this asymmetric ester-acid. It is an amido-analogue of pyrophosphoric 
acid and its hydrolysis should show the effect of a phosphoryl group on the fission of a 
neighbouring N-P bond. Kirsanov and Zhmurova® claim that the compound is not 
hydrolysed in water during several minutes at 100°. 


5 Harbottle, J]. Amer. Chem. Soc., 1951, 78, 4024; Paul and Long, Chem. Rev., 1957, 57, 1. 
* Kirsanov and Zhmurova, Zhur. obshchei Khim., 1958, 28, 2478. 
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The products of the hydrolysis were phosphoric acid and diphenyl phosphoramidate 
(see p. 4677). Thus the hydrolytic fission occurs at the terminal phosphate group: 
(PhO),PO-NH—PO(OH),. 

The dependence of the rate of hydrolysis on pH was determined in various aqueous 
buffer solutions, and at several temperatures. The results are presented in Table 6 and 


TABLE 6. Hydrolysis of (PhO),PO*-NH:PO(OH),. First-order rate constants, 104k (sec.~}). 


HCIO, HClO, HCl HCl KHT * KHP * DB* Na,B,O, 
8-3M 5-8m 1-25M 0-11N 0-03m 0-05m 0-05M 0-5M 
hy pH: 0-93 3-58 4-02 7-03 9-07 
Temp. 
37-0° 0-0099 0-021 0-0550 0-059 0-0068 
60-0° 0-009 0-41 1-32 1-38 0-81 0-170 
70-0° 0:0075 1-55 5-48 5-90 


In 10N-NaOH 14) there was no decomp. in 2 weeks at 60°. 
* KHT = KH tartrate; KHP = KH phthalate; DB = Et, barbiturate. 


Fic. 2. Dependence of rate constant for hydr- 
olysis of N-benzoylphosphoramidic acid on Fic. 3. pH-dependence of hydrolysis of N-di- 
acid concentration at 37°. hydroxyphosphinylphosphoramidic acid in 
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Fig. 3. From the temperature-dependence of the rate of hydrolysis, energies and entropies 
of activation were calculated at pH 1 and 4: 


pH 1: AE* = 28-3 kcal./mole; AS* = + 58 e.u. 
pH 4: AE* = 30-0 kcal./mole; AS* = +13-2 e.u. 


The rate of hydrolysis in deuterium oxide was equal to that in water at 61-0° in presence 
of 0-05M-potassium hydrogen phthalate or 0-1Mm-sulphuric acid. 

Discussion.—The rates of solvolysis of a number of N-substituted phosphoramidic 
acids are summarised in Table 7. Except for the last compound, the rates at pH 4 are 
of the same order of magnitude. 

At about pH 4 the rates of solvolysis are a maximum. It appears from the first 
dissociation constants (pK,) listed in Table 7 that at this pH the compounds are mostly 
in the monoanion form. An acidic proton is apparently required for solvolysis in all 
these compounds.‘ 

Replacing one hydrogen atom of the amido-group of phosphoramidic acid itself by 
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phenyl,* phenoxy,’ or benzoyl has little effect on the maximum rate of solvolysis. In 
more acidic solution, at pH 1, the differences in rate become more marked. 


TABLE 7. Hydrolysis of phosphoramidic acids; first-order rate constants, 10*k, (sec.*), 


104k (sec.-1) Acid- 
Temp. pk, pH 1 pH 4 catalysis Ref. 
ee 25° Very fast 0-15 Yes 8 
HO,C-CH,*NH°PO,H, ....... 25 Very fast 9-8 (pH 3) Yes 9 
POET GMS vescvccevetsepncos 20-0 1-6 4:25 0-99 Yes 3 
p-MeO-C,HyNH-PO,H, ......{ 300 = ts ve 3 
‘ . 25-0 e.7 0-168 6 0-36 Only in This 
Bz-NH PO,H, beocecoesnéasioeowe { 37-0 2-7 { 0-89 r 1-85 conc. acid paper 
n _ . 26-7 e.7 0-193 0-435 N 
EtO,C‘NH-PO,Hy .......000-. { Se ote. { Sa 2 oa 4 : 
(PhO),PO-NH-PO,H, ......... 37 3-8 0-02 0-059 No This 


paper 
* Not 2-4 as reported in ref. 1. 


A steep rise in the rate of hydrolysis of dimethylamides of phosphoric acids with 
increasing hydrochloric acid concentration has been observed’? which, it has been sug- 
gested,®? may indicate a parallelism of rate and acidity function Hy. The rate of hydrolysis 
of N-benzoylphosphoramidic acid is proportional to the concentration of perchloric acid, 
at constant ionic strength, and a mechanism involving a water molecule in the transition 
state must be invoked. 

Diphenyl N-dihydroxyphosphinylphosphoramidate also shows a maximum at pH 4 (see 
Fig. 3), though, as Kirsanov and Zhmurova have observed,$ the rate is much smaller than 
for other amidophosphoric acids. They suggested that this is due to the stability of a 
hydrogen bond from the acidic hydrogen atom on the terminal phosphate group to the 
other phosphoryl group. Molecular models indicate that this bond seems more likely 
to occur than in the analogous benzoylphosphoramidic acid which is hydrolysed much 
faster. 

That only the terminal phosphate group is liberated in the hydrolysis of diphenyl 
N-dihydroxyphosphinylphosphoramidate indicates that only the terminal phosphorus 
atom is attacked and shows again the special reactivity of monoionised phosphates. 

In Table 7, the most striking difference between the various phosphoramidic acids is 
that the hydrolysis of some of them is acid-catalysed. All those that are not susceptible 
to acid-catalysis have a carbonyl or phosphoryl group adjacent to the nitrogen atom. 
The phosphoryl bond is strongly polarised,” with the phosphorus atom as the positive 
centre. The neighbouring phosphoryl or carbonyl group seems thus to cause the with- 
drawal of negative charge from the nitrogen of the phosphoramidic acid. The nitrogen 
thus becomes less susceptible to protonation, and acid-catalysis of solvolysis is prevented. 
The effect of the P—O group is greater than that of the C—O group, which has only a partially 
polarbond. Thisisan alternative explanation of the low reactivity of (PhO),PO*-NH-PO,H,, 
which seems of more general validity than that ® based on internal hydrogen bond. 

N-Benzoylphosphoramidic acid is in an intermediate position, as its hydrolysis shows 
an increase only in very strongly acid solutions (Table 4). Possibly, the phenyl group 
is able to reduce the electron-deficiency of the carbonyl-carbon atom. 

The faster solvolysis of the monoanion in D,O than in H,O (Table 3) can be due toa 
preliminary stage of fast reversible proton-transfer from the solvent to nitrogen. If the 


7 Heath and Casapieri, Trans. Faraday Soc., 1951, 47, 1093. 

8 Moller, Biochim. Biophys. Acta, 1955, 16, 162; Quimby, Narath, and Lohman, J. Amer. Chem. 
Soc., 1960, 82, 1100; Rathler and Rosenberg, Arch. Biochem. Biophys., 1956, 65, 319. 

* Winnick and Scott, Arch. Biochem. Biophys., 1947, 12, 201. 

Phillips, Hunter, and Sutton, J., 1945, 146; Yafié, J. Chem. Phys., 1954, 22, 1430. 





rwerzrerze a 


=s ee 


— 
l—r4 


onm 8©§00 0 ww 





[1960} N-Acylphosphoramidic Acids. Part III. 4677 


returning step of breaking the nitrogen—hydrogen bond is slower for deuterium, the overall 
forward reaction should be faster in D,O: j 


Fast 


+ Slow 
Bz*ND:PO(OD):O- + D,O Bz*ND,*PO(OD):O- + OD- ———> Products 





v. fast 


The rate-determining breakdown of the intermediate may involve a cyclic hydrated 
intermediate, as postulated by Westheimer. The results available do not prove or disprove 
this. In strongly acid solutions, proportionality of rate to acid concentration indicates 
the following mechanism (A-2): 

Fast 
Bz‘NHPOH, + HjO* ===" BzNH,*POH, 
Bz-NH,*PO,H, +- HsO ————B> Products 


Again, the increase in rate in the deuterated solvent can best be explained by a smaller 
acidity constant of the deuterated conjugate acid, [Bz-ND,°PO,D]*. It cannot be due 
to a difference in the acidity functions; H, and Dg of similar concentrations of protio- 
and deutero-sulphuric acid have been shown to be equal.!* For the hydrolysis of phos- 
phourethane and (HO),PO-NH-PO(OPh), protonation of the nitrogen does not take place 
at all—there is no acid-catalysis—and there is also no deuterium isotope effect. 


Experimental.—N-Benzoylphosphoramidic acid, prepared according to Titherly and Worral’s 
directions,? had m. p. 157—-158°. Its acid dissociation constant was determined by the Hender- 
son equation pK = —log [H*][B + H*}/(C — [B + H*)) from the curve of the titration with 
sodium hydroxide (Radiometer glass electrode pH-meter). The dissociation constants at 27° 
are K, = 2:14 x 10% and K, = 2-14 x 10%. The products of its hydrolysis in water and in 
perchloric acid were benzamide, m. p. 130° (isolated by ether-extraction of the alkaline solution), 
and phosphoric acid (yield, determined colorimetrically, 100 + 1%). 

N-Benzoylphosphor[*H Jamidic [*H,]acid, Bz‘-‘ND-PO(OD),, was prepared analogously ? (with 
D,O instead of H,O for the hydration and hydrolysis of the intermediate BzNH-PCl,) and had 
m. p. 157°. 

Diphenyl N-dihydroxyphosphinylphosphoramidate, prepared as described * and recrystal- 
lized by adding ether to its solution in dioxan, had m. p. 170—172° (Found: C, 43-7; H, 4-0; 
N, 4:2; P, 19-0. Calc. for C,,H,,NO,P,: C, 43-7; H, 3-95; N, 4-2; P, 189%). The products 
of its hydrolysis were phosphoric acid and diphenyl phosphoramidate, which was isolated from 
cold water and had m. p. 145—146° (yield, 85%). The yield of phosphoric acid determined 
colorimetrically was 100 + 1%. The acid dissociation constants at 25% are K, = 1:55 x 10-4 
and K, = 2:3 x 107 (average of four calculations). D,O containing sulphuric acid (7-6M) was 
prepared by diluting 5 g. of deuterosulphuric acid (1-92—1-96 D atoms; Fluka) with 10 g. 
of 99% deuterium oxide. 

Kinetic experiments. The phosphoramidic acid (20—30 mg.) in aqueous buffer solution 
(25 ml.) was kept in a thermostat, and at intervals, aliquot parts were withdrawn for determin- 
ation of orthophosphate by the method of Fiske and Subbarow."™ Runs were made at least 
in duplicate, and rate constants calculated for first-order reactions. Rate constants of duplicate 
runs were within 1% of each other. 


This investigation was supported in part by a grant RG-5842 from the Division of Research 
Grants, U.S. Public Health Service. 


THE IsoToPE DEPARTMENT, THE WEIZMANN INSTITUTE OF SCIENCE, 
REHOVOTH, ISRAEL. [Received, December 30th, 1959.) 


1! Long and Paul, Chem. Rev., 1957, 57, 940. 
 Hoégfeldt and Bigeleisen, ]. Amer. Chem. Soc., 1960, 82, 15. 
'S Fiske and Subbarow ,/]. Biol. Chem., 1925, 66, 375. 
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904. Nucleotides. Part XLV. Derivatives of 8-2-Amino-2-deoxy- 
D-glucose (8-D-Glucosamine) 1-Phosphate. 


By G. Batuya, B. H. Cuase, G. W. KENNER, and Str ALEXANDER Topp. 


2-Acetamido-2-deoxy-$-p-glucose (8-N-acetylglucosamine) 1-phosphate 
has been prepared through derivatives of 2-deoxy-2-phthalimidoglucose. 
Attempts to convert this phosphate into the B-anomer of UDPAG, a natural 
coenzyme, failed, probably because the 1-pyrophosphate residue was 
displaced by the neighbouring 2-acetamido-group. 


THE structure (I) of “ uridine diphosphate N-acetylglucosamine ’”’ (UDPAG, UDPX) was 
deduced by Leloir and his co-workers from the results of their degradative work,” and this 
substance was naturally included in our programme of synthesis in the field of uridine 
coenzymes.’ The requisite 2-acetamido-2-deoxy-«-D-glucose 1-phosphate can be prepared 4 
by a method of the kind usually successful for sugar 1-phosphates, but in this instance 
there is the complication of the very easy displacement of halide ion from the 1-halogeno- 
compound by the neighbouring acetamido-group. Thus the crystalline, water-soluble 
“ acetobromoglucosamine ’’ described by Moggridge and Neuberger ® is actually 1,3,4,6- 
tetra-O-acetyl-2-amino-2-deoxy-«-D-glucose hydrobromide,* and rapid manipulation of 
the 1-bromo-compound is necessary to forestall displacement of the halogen. Apparently 
the 1-chloro-compound is slightly more stable,’ and it has been employed more success- 
fully.4 Although Dr. Leloir kindly informed us of his method before its publication, it 
seemed worthwhile investigating alternative routes in which this displacement would be 
precluded. 

One possibility was to employ salts of the 2-amino-sugar, introducing the acetyl group 
only at the last stage, and for this purpose 3,4,6-tri-O-acetyl-2-amino-1-bromo-2-deoxy-«- 
D-glucose hydrobromide, which has long been known,’ was an attractive starting material. 
It reacted smoothly with silver dibenzyl phosphate, but we were unable to remove the 
protecting groups cleanly from the product. However, after our work, Maley, Maley, 
and Lardy ® described an efficient synthesis of 2-acetamido-2-deoxy-«-D-glucose 1-phos- 
phate, beginning with reaction between the same 1-bromo-compound and triethyl- 
ammonium diphenyl phosphate. Comparison of the optical rotations of the dibenzyl and 
the diphenyl phosphates suggests that our product belongs to the @-series (cf. discussion 
below), and the situation is reminiscent of the synthesis of the anomeric 1-phosphates of 
glucose and galactose. There, too, 8-compounds are derived from dibenzyl phosphate 
and a-compounds from diphenyl phosphate, but this rule does not extend to mannose 
and xylose, and the difference between silver and triethylammonium salts may be just 
as important. 

An alternative way of precluding displacement, which also offered advantages in 
manipulation of the intermediates, was protection of the 2-amino-group with a residue 
which would not attack the neighbouring 1-position, and for this purpose the phthaloyl 
group seemed most suitable. Glucosamine was smoothly converted by phthalic anhydride 
in aqueous dioxan into its o-carboxybenzoyl derivative, and hence by acetic anhydride 


1 Part XLIV, Griffin and Todd, J., 1958, 1389. 

® Paladini and Leloir, Biochem. J., 1952, §1, 426; Cabib, Leloir, and Cardini, J. Biol. Chem., 1953, 
203, 1055. 

% Michelson and Todd, J., 1956, 3459, and earlier papers in this series. 

* Leloir and Cardini, Biochim. Biophys. Acta, 1956, 20, 33. 

5 Moggridge and Neuberger, J., 1936, 745. 

* Micheel, van de Kamp, and Wulff, Chem. Ber., 1955, 88, 2011; Inouye, Onodera, Kitaoka, and 
Ochiai, J. Amer. Chem. Soc., 1957, 79, 4218. 

? Baker, Joseph, Schaub, and Williams, J. Org. Chem., 1954, 19, 1786. 

8 Irvine, McNicoll, and Hynd, J., 1911, 99, 250. 

* Maley, Maley, and Lardy, J. Amer. Chem. Soc., 1956, 78, 5303. 

© Leloir, Fortschr. Chem. org. Naturstoffe, 1951, 8,47; Foster and Overend, Quart. Rev., 1957, 11, 61. 
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into 1,3,4,6-tetra-O-acetyl-2-deoxy-2-phthalimido-«-p-glucose (II; R= OdAc).* The 
action of hydrogen chloride on an ethereal suspension of this compound afforded the 
crystalline §-l-chloro-derivative (II; R=Cl), and, from the latter, crystalline 
dibenzyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-f-p-glucose 1-phosphate [{IIl; R= 
O-PO(O-CH,Ph),|} was obtained by reaction with silver dibenzyl phosphate. Triethyl- 
ammonium dibenzyl phosphate, which is sometimes preferable to the silver salt in 
preparing phosphates,’* did not appear to react in this instance. Similarly, triethyl- 
ammonium diphenyl phosphate does not attack 2-acetamido-3,4,6-tri-O-acetyl-1-chloro-2- 
deoxy-«-D-glucose,® in contrast to the smooth reaction with the «-2-amino-1-bromo- 
derivative. All the protecting groups were removed cleanly from the phthalimido- 
phosphate by hydrogenolysis followed by hydrazinolysis, but N-acetylation of the 
crystalline product (III; R= H) was less satisfactory. Repeated treatment with 
acetic anhydride in aqueous triethylamine was required before a substantially homo- 
geneous product was obtained; N-acetylation of the sodium salt, however, readily gave a 
crystalline product. 

The optical rotation of our disodium salt of 2-acetamido-2-deoxy-D-glucose 1-phosphate 
(III; R = Ac) is considerably less negative than has been predicted ® for the B-anomer by 
Maley, Maley, and Lardy, who have transferred the well-established data for the methyl 
glycosides !* by simple application of Hudson’s rules. In the meantime, however, it has 


gion HO OH CH2-OAc CHOH Gg 

° Gc ose 
R O-P—OH 

OH 

o— o- if ~0-CHh = HONS 
NHAc Pan NHR 
oc’ ‘co 
(ITI) 
O 


(I) (II) 


been shown ' that 1-phosphates do not obey Hudson’s rules, in that B values are greater 
than with methyl glycosides; probably a more elaborate calculation, like that developed 
for phenyl glycosides, glycosyl halides, etc.,® is required. The intermediates in our 
synthesis are unlikely to be mixtures of anomers, because they crystallise well, and their 
optical rotations are in the region for 8-compounds and clearly different from those of 
the a-series; accordingly, we assign the $-configuration to these compounds. It may be 
that the bulky 2-phthalimido-group favours the 8-configuration, but this is not apparent 
from molecular models. 

Several unsuccessful attempts, which will not be described in detail, were made to 
convert 2-acetamido-2-deoxy-f-D-glucose 1-phosphate (III; R = Ac) into the uridine 
diphosphate derivative (anomer of UDPAG) by reaction between its tri-n-octylammonium 
salt and 2’,3’-di-O-benzyluridine-5’-benzyl phosphorochloridate and subsequent hydro- 
genolysis.* The major components of the resulting mixture, resolved by anion-exchange 
chromatography, were uridine-5’ pyrophosphate and its 2’(or 3’)-O-monobenzy] derivative. 
Their presence indicated initial formation of the desired pyrophosphate, which presumably 
then decomposed through displacement of the pyrophosphate anion, like bromide ion, from 
the 6-1-position by the neighbouring 2-acetamido-group. Probably the 8-isomer is much 


* Material, which has a higher melting point but does not yield a crystalline 1-chloro-derivative, 
has been prepared 7 from 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-D-glucose." 


1! Bergmann and Zervas, Ber., 1931, 64, 975. 

" Wright and Khorana, J. Amer. Chem. Soc., 1956, 78, 811. 
13 Neuberger and Rivers, J., 1939, 122. 

™ Putman and Hassid, J. Amer. Chem. Soc., 1957, 79, 5057. 
 Korytnyk, J., 1959, 650. 
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less stable than the natural coenzyme. Synthesis of the latter from 2-acetamido-2- 
deoxy-«-D-glucose 1-phosphate has not been attempted by us. 


EXPERIMENTAL 


[3,4,6-Tvi-O-acetyl-2-amino-2-deoxy-B-p-glucose 1-(Dibenzyl Phosphate)| Dibenzyl Phosphate.— 
Silver dibenzyl phosphate (4-1 g.) was added to 3,4,6-tri-O-acetyl-2-amino-1-bromo-2-deoxy-a-p- 
glucose hydrobromide ® (2 g.) in dry acetonitrile (50 ml.), and the mixture shaken for 52 hr. 
with exclusion of light and moisture. After removal of solvent, the residue was extracted with 
hot chloroform, and the extract filtered and evaporated under reduced pressure. Tritur- 
ation of the residue with ethanol afforded [3,4,6-tvi-O-acetyl-2-amino-2-deoxy-B-D-glucose 
1-(dibenzyl phosphate)) dibenzyl phosphate (2-4 g., 64%), m. p. 146—147°, [a +23-7° (c 0-9 in 
CHCl,) (Found: C, 57-05; H, 5-4; N, 1-75. CygH,,NO,,P, requires C, 56-9; H, 5-6; N, 1-7%). 

2-0-Carboxybenzamido-2-deoxy-D-glucose—To D-glucosamine hydrochloride (1 g.) and 
sodium hydrogen carbonate (0-78 g.) in water (20 ml.) was added phthalic anhydride (0-68 g.) in 
dioxan (15 ml.) during 15 min. and the solution set aside for 3 days at room temperature. 
Acidification with 2n-hydrochloric acid gave the acid (1-24 g., 82%) as colourless needles, m. p. 
184°, [a),2° +67-3° (c 0-9 in H,O) (Found: C, 51-1; H, 5-2; N, 4:3. C,,H,,NO, requires 
C, 51-4; H, 5-2; N, 43%). 

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-phthalimido-B-p-glucose.—Anhydrous sodium acetate (3 g.), 
2-o-carboxybenzamido-2-deoxy-p-glucose (3 g.), and acetic anhydride (18 ml.) were boiled under 
reflux for 5 min., cooled, and treated with water (30 ml.), and the solution taken to pH 7 with 
sodium hydrogen carbonate. Extraction with chloroform, followed by evaporation under 
reduced pressure of the washed and dried (CaCl,) extracts, gave the phthalimide (3-9 g., 89%) 
which separated from tetrahydrofuran—cyclohexane as colourless prisms of indefinite m. p. 
[a),,2° + 59-4° (c 3-8 in C,H,) (Found: C, 54-8; H, 5-4; N,'2-7. C,gH,,NO,, requires C, 55-3; 
H, 4:9; N, 29%). Recrystallisation from carbon tetrachloride gave needles, m. p. 81—83°, 
containing solvent of crystallisation which could not be ¢ompletely removed. From ethyl 
acetate-light petroleum (b. p. 40—60°) the phthalimide separated in colourless prisms, m. p. 
95—97°, which, after drying in vacuo at 65° overnight, sintered at 97° (change of crystal form?) 
and melted sharply at 146—148° (Found: C, 55-4; H, 5-0; N, 2-8%). Baker e¢ al.” record 
m. p. 199—200°. Acetylation of the crude sodium salt of the carboxybenzamido-compound 
(obtained by removal of the aqueous dioxan under reduced pressure) gave a similar yield (68% 
overall) of the phthalimide. 

3,4,6-Trvi-O-acetyl-1-bromo-2-deoxy-2-phthalimido--p-glucose.—To a 50%, w/v solution 
(10 ml.) of hydrogen bromide in glacial acetic acid was added with stirring 1,3,4,6-tetra-O- 
acetyl-2-deoxy-2-phthalimido-8-p-glucose (3-9 g.). After 3 hr. at room temperature the 
solution was diluted with chloroform (30 ml.) and poured into saturated ice-cold aqueous 
potassium hydrogen carbonate. The pH was adjusted to 6 with solid potassium hydrogen 
carbonate, the chloroform layer separated, and the aqueous layer extracted with further 
chloroform. Evaporation under reduced pressure of the combined washed and dried (CaCl,) 
extracts, followed by trituration with dry ether, gave the 1-bromo-compound (2-3 g., 50%) in 
needles, m. p. 130°, [aj,,2° + 18-1° (c 3-0 in C,H,) (Found: C, 48-5; H, 3-95; N, 2-9; Br, 16-1. 
CagpHygBrNO, requires C, 48-2; H, 4:0; N, 2-8; Br, 161%). 

3,4,6-Tri-O-acetyl-1-chloro-2-deoxy-2-phthalimido-B-pv-glucose.—A solution of 1,3,4,6-tetra- 
O-acetyl-2-deoxy-2-phthalimido-f-p-glucose (4 g.) in dry ether (185 ml.) was saturated at 0° 
with dry hydrogen chloride and kept at 0° for 4 days. After removal of solvent under reduced 
pressure, dry benzene (20 ml.) was added and similarly removed. Trituration with dry ether 
gave the 1-chloro-compound (3-3 g., 86%) in prisms, m. p. 154°, [aJ,,!® +27-5° (c 3-2 in C,H,) 
(Found: C, 53-0; H, 4:8; N, 3-4; Cl, 8-0. C, gH, CINO, requires C, 53-0; H, 4-45; N, 3-1; 
Cl, 7-8%). 

3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-B-v-glucose 1-(Dibenzyl Phosphate).—(a) A mixture 
of silver dibenzyl phosphate (1-15 g.) and 3,4,6-tri-O-acetyl-1-bromo-2-deoxy-2-phthalimido- 
B-p-glucose (1 g.) in dry benzene (10 ml.) was shaken in the dark for 48 hr., filtered, and 
evaporated to dryness. The dibenzyl phosphate (0-9 g., 65%) separated from tetrahydrofuran- 
cyclohexane or from methanol in needles, m, p. 138—139-5°, [a),’*° + 11-1° (¢ 3-6 in C,H,) 
(Found: C, 59-1; H, 5-25; N, 1-95. C,,H,,NO,,P requires C, 58-7; H, 4-9; N, 2-0%). 
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(b) A mixture of silver dibenzyl phosphate (3 g.) and 3,4,6-tri-O-acetyl-1-chloro-2-deoxy-2- 
phthalimido-8-p-glucose (2-75 g.) in dry benzene (60 ml.) was boiled under reflux for 90 min. 
with exclusion of light, and the product (3-4 g., 81%) worked up as in (a). 

(c) The use of triethylammonium dibenzyl phosphate in place of the silver salt in (b) led 
to recovery of the starting materials. 

3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-$-p-glucose 1-(Cyclohexylammonium Benzyt 
Phosphate) —A mixture of 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-B-p-glucose 1-(dibenzyl 
phosphate) (0-4 g.) and cyclohexylammonium thiocyanate (0-1 g.) in dry ethyl methyl ketone 
(4 ml.) was boiled under reflux for 30 min., cooled, and filtered. The cyclohexylammonium salt 
(0-33 g., 83%), when washed with ethyl methyl ketone, formed colourless needles, m. p. 226° 
(decomp.), unchanged by recrystallisation from ethanol, {«],,’° +23-1° (¢ 2-2 in CHCI,) (Found: 
C, 56-3; H, 6-3; N, 40. C,,H,,N,O,,P requires C, 56-25; H, 5-9; N, 40%). 

3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-B-p-glucose 1-Phosphate.—3,4,6-Tri-O-acetyl-2-de- 
oxy-2-phthalimido-8-p-glucose 1-(dibenzyl phosphate) (1-5 g.) and palladised charcoal (0-3 g.) in 
pure dioxan (30 ml.) were shaken in hydrogen. The theoretical amount was rapidly absorbed. 
The solution was filtered, evaporated under reduced pressure, and twice evaporated with 
dry benzene (10 ml.) and the residue was triturated with dry hexane. The phosphate (1-06 g., 
100°) was obtained as a microcrystalline powder which decomposed when heated (Found: 
C, 46°8; H, 4:4; N, 2-9. C,)H,.NO,,P requires C, 46-6; H, 4:3; N, 2-7%). 

2-A mino-2-deoxy-B-p-glucose 1-Phosphate-——A _ solution of 3,4,6-tri-O-acetyl-2-deoxy-2- 
phthalimido-8-p-glucose 1-phosphate (0-27 g.) in redistilled methoxyethanol (1-5 ml.) was 
treated with 100% hydrazine hydrate (0-10 ml.) and heated at 100° with stirring for 8—9-min. 
After 2—3 min. a gum normally separated. Solvent was removed under reduced pressure, 
and water (5 ml.) was added, followed by glacial acetic acid to pH 5. After being kept at 0° 
for 30 min., the solution was filtered from phthalhydrazide and diluted with ethanol (5 ml.). 
When crystallisation had set in, further ethanol (15—20 ml.) was added, and the solution kept at 
0° overnight and then centrifuged. After being washed with ethanol (thrice) and acetone (thrice) 
and dried in vacuo over phosphorus pentoxide 2-amino-2-deoxy-B-D-glucose 1-phosphate was 
obtained as a microcrystalline powder, m. p. 178—179° (decomp.) (Found: C, 27-7; H, 5:8; 
N, 5-3. C,H,4NO,P requires C, 27-8; H, 5-4; N, 54%). 

The disodium salt was obtained as a microcrystalline powder by neutralisation of the acid 
with the theoretical quantity of N-sodium hydroxide, followed by precipitation with ethanol 
(Found: C, 20-8; H, 4-5; N, 3-95. C,H,,NNa,O,P,2H,O requires C, 21-2; H, 4-7; N, 41%). 

2-Acetamido-2-deoxy-B-D-glucose 1-Phosphate.—(a) 2-Amino-2-deoxy-8-p-glucose 1-(sodium 
phosphate) (0-38 g.) in water (1-8 ml.) was treated with acetic anhydride (0-6 ml.) and shaken 
vigorously for 3 min. Further acetic anhydride (0-4 ml.) was then added and shaking con- 
tinued for a further 3 min. Addition of ethanol (5 vol.) precipitated 2-acetamido-2-deoxy-B-p- 
glucose 1-(disodium phosphate) (0-26 g., 60%) as a microcrystalline powder, m. p. 170—171° 
(decomp.), [aJ,™* —1-6° (c 2-5 in H,O) (Found: C, 28-05; H, 4:5; N, 4:05. C,H,,NNa,O,P 
requires C, 27-8; H, 4-1; N, 4:05%). 

(b) 2-Amino-2-deoxy-f-p-glucose 1-phosphate (518 mg.) in water (2 ml.) was shaken with 
triethylamine (1-1 ml.) and acetic anhydride (0-37 ml.) for 5 min. with occasional cooling in ice. 
Further triethylamine (0-28 ml.) and acetic anhydride (0-18 ml.) were added, the mixture again 
shaken for 5 min., and the process repeated once more. Ethanol (20 ml.) was then added, and 
the mixture evaporated to dryness under reduced pressure and kept at 30°/0-001 mm. for 1 hr. 
The residual gum solidified at 0° in dry acetone (5 ml.), but was extremely hygroscopic and no 
analytical data were obtained. 

The following Ry values (ascending) were observed: 


A B Cc 
Glucosamine 1-phosphate _ .............sseeee0s 0-26 0-15 0-09 
N-Acetylglucosamine 1-phosphate ............ 0-49 0-22 0-19 


System A: propan-2-ol-1% ammonium sulphate, on paper previously soaked in 1% aqueous 
ammonium sulphate and dri¢d. System B: propan-l-ol-ammonia—water (6:3:1 v/v). 
System C: 95% ethanol-m-ammonium acetate (75 : 30). 


This work was carried out during the tenure of an 1.C.I. Fellowship (by B. H.C.) and a 
Fellowship of the Consejo Superior de Investigaciones Cientificas, Madrid (by G. B.). 
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905. Phosphates formed from Dialkyl Phosphites and 2-Methyl- 
1 ,4-naphthaquinone. 
By K. J. M. ANDREws and F. R. ATHERTON. 


Dialkyl phosphites react with 2-methyl-1,4-naphthaquinone to give a 
mixture of the 1- and 4-(dialkyl phosphates). The phosphate products from 
the reaction with diethyl phosphite have been characterised, and the pro- 
portions of l- and 4-phosphates obtained found to depend on the temperature 
of the reaction, among other factors. 


RAMIREZ and DERSHOWITZ! reported that dimethyl and diethyl phosphite reacted with 
chloranil, under the influence of ultraviolet light, to give the tetrachloroquinol 1-(dialky] 
phosphate). Also Diefenbach ? has described the formation of similar dialkyl phosphates 
when dialkyl phosphites are heated with a number of symmetrical halogenated quinones 
in xylene. 

In a study of the reaction of dialkyl phosphites with 2-methyl-1,4-naphthaquinone, 
we found that diethyl phosphite, in benzene or acetonitrile, with the addition of a catalytic 
amount of sodium ethoxide or potassium t-butoxide (triethylamine and 4-methylmorpholine 
were less effective) gave a high total yield of two crystalline isomers C,;H,,0;P, m. p. 
167—169° and 107—109° severally. 

The infrared spectra of the isomers, although differing in some details, were very similar 
and showed the presence of hydroxyl and the absence of carbonyl bands. Since the 
monobenzoates showed no hydroxyl bands, the compounds were both monohydroxylic; 
thus the possibility that one was diethyl 1,4-dihydroxy-3-methyl-2-naphthylphosphonate 
was excluded. Alkaline hydrolysis liberated diethyl hydrogen phosphate from both 
compounds, as would be expected from the 1- and 4-(diethyl phosphates) of 2-methyl-1,4- 
naphthaquinol. 

Only the high-melting isomer reacted smoothly with 1 mol. of bromine, to give a 
crystalline monobromo-compound; with 2 mol. of bromine, in the presence of sodium 
acetate, the phosphorus-containing residue was lost and 2-bromo-3-methyl-1,4-naphtha- 
quinone was formed. In the absence of sodium acetate the quinone dibromide was 
obtained. These reactions indicated that the compound is the 1-(diethyl phosphate) (I). 





O-PO(OEt), OH 


(I) OH 


O-PO(OEt), (II) 


Oxidative dephosphorylation by halogens has been described for naphthaquinol dihydrogen 
phosphates by Clark, Kirby, and Todd * and by Wieland and Pattermann.‘ The structure 
(I) was confirmed when its toluene-f-sulphonate was found to be identical (infrared 
spectrum and mixed m. p.) with an authentic material obtained by reaction of diethyl 
phosphorochloridate with 2-methyl-1,4-naphthaquinol 4-toluene-f-sulphonate, which had 
been prepared by consecutive toluene-f-sulphonylation and deacetylation of 2-methyl- 
1,4-naphthaquinol 1-acetate.5 

Similarly the lower-melting isomer was shown to be 2-methyl-1,4-naphthaquinol 
4-(diethyl phosphate) (II) from the fact that its benzoate was identical with material 


1 Ramirez and Dershowitz, J. Org. Chem., 1957, 22, 1282. 

2 Diefenbach, G.P. 937,956. 

3 Clark, Kirby, and Todd, Nature, 1958, 181, 1650. 

* Wieland and Pattermann, Angew. Chem., 1958, 70, 313. 

5 Baker, Davies, McElroy, and Carlson, ]. Amer. Chem. Soc., 1942, 64, 1096; Baker and Carlson, 
ibid., p. 2657. J 
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prepared by reaction of diethyl phosphorochloridate with 2-methyl-1,4-naphthaquinol 
1-benzoate.® 

In the reactions between di-isopropyl, di-n-propyl, and di-n-butyl phosphite and 
2-methyl-1,4-naphthaquinone only one pure crystalline product was isolated, presumably 
the 1-phosphate since this predominates for the ethyl analogue under the conditions 
employed. It was reasonably certain, however, that the other isomer was present in the 
considerable quantity of oils obtained from the mother-liquors. When diethyl phosphite 
reacted with 2,3-dimethylnaphthaquinone there was a high yield of the single possible 
diethyl phosphate. 

Factors influencing the proportions of the isomers are not yet fully understood but 
reaction temperature is one of them. At low temperatures the 1-phosphate predominates 
and at high temperatures the 4-phosphate: thus at 5° yields of 1- and 4-(diethyl phosphate) 
were 60% and 18% respectively and at 80° were 20% and 36%. 


EXPERIMENTAL 


2-Methyl-1,4-naphthaquinol 1- and 4-(Diethyl Phosphate).—(a) A solution of 2-methyl-1,4- 
naphthaquinone (34-4 g., 0-2 mole) in dry benzene (300 ml.) containing ethanol (60 ml.) was 
stirred under nitrogen and cooled to —2°. A mixture of diethyl phosphite (40-8 g., 0-3 mole) 
and a solution from sodium (1-0 g.) in absolute ethanol (40 ml.) was added at such a rate that 
the temperature did not rise above 6°. The addition was complete in 20 min. and the 
mixture was stirred for a further 10 min., by which time it was pale yellow and some solid 
had been deposited. The mixture was extracted with N-sodium hydroxide, the alkaline extracts 
were acidified with concentrated hydrochloric acid, and the precipitated oil was extracted 
with chloroform (400 ml.) in three portions. The chloroform solution was treated with charcoal, 
filtered, and evaporated in vacuo. A solid remained which was triturated with cyclohexane, 
filtered off, and washed with cyclohexane, followed by light petroleum (b. p. 40—60°), leaving 
colourless crystals (49 g.), m. p. 140—160°. Evaporation of the cyclohexane solution gave a 
dark brown solid, which was treated with carbon tetrachloride, set aside at 0°, and then 
collected as coloured crystals (9-1 g.), m. p. 106—112°. Two recrystallisations of the high- 
melting material, from acetone, gave colourless felted rods (37-3 g., 60%), m. p. 167—169°, of 
2-methyl-1,4-naphthaquinol 1-(diethyl phosphate) (Found: C, 58-3; H, 6-3; P, 9-9. C,;H,,O,P 
requires C, 58-1; H, 6-2; P, 10-0%). 

Working up the mother-liquors gave crystals (4-2 g.), m. p. 103—108°, which were combined 
with those of m. p. 106—112° and recrystallised from carbon tetrachloride; 2-methyl-1,4- 
naphthaquinol 4-(diethyl phosphate) (11-2 g., 18%) crystallised as colourless prisms, m. p. 107— 
109° (Found: C, 58-3; H, 6-1; P, 10-1%). 

The 4-phosphate gave a 3,5-dinitrobenzoate, m. p. 154—155°, by the standard procedure 
using phosphorus pentachloride and 3,5-dinitrobenzoic acid (Found: C, 52-5; H, 3-9; N, 5-5; 
P, 6-1. C,.H,,0,9>N,P requires C, 52-5; H, 4-2; N, 5-6; P, 6-1%). 

(6) A boiling solution of 2-methyl-1,4-naphthaquinone (17-2 g., 0-1 mole) in dry benzene 
containing diethyl phosphite (20-4 g., 0-15 mole) was stirred under nitrogen. The heating-bath 
was then removed and a solution from sodium (1-0 g.) in ethanol (25 ml.) was added dropwise 
during a few minutes. A vigorous reaction took place which was complete within a minute. 
After cooling, the mixture was worked up as in (a) above, 28% of 4-phosphate and 20% of 
1-phosphate being obtained. 

Reaction of 2-Methy]-1,4-naphthaquinol 1-(Diethyl Phosphate) with Bromine.—(a) To a 
solution of the compound (3-1 g., 0-01 mole) in warm acetic acid was added bromine (0-01 mole) 
in acetic acid (10 ml.). An immediate reaction gave a colourless solution which was poured 
into water (200 ml.). The white crystalline 3-bromo-derivative (3-5 g.), m. p. 123—125-5°, 
was filtered off, washed with water and light petroleum, and dried. Recrystallisation from 
light petroleum (b. p. 100—-120°; 50 ml.)—benzene (2 ml.) gave material (2-8 g.), m. p. 124— 
126-5° (Found: C, 47-3; H, 5-6; Br, 20-5; P, 80. C,,;H,,BrO,;P requires C, 46-3; H, 5-7; 
Br, 20-5; P, 8-0%). 

(b) The compound (3-1 g., 0-01 mole) in warm acetic acid (30 ml.) containing anhydrous 


® Lindlar, U.S.P. 2,839,570. 
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sodium acetate (4-2 g., 0-05 mole) was treated with bromine (0-022 mole) in acetic acid (22 ml.), 
left for 2 hr., and poured into water (200 ml.), and the yellow precipitate (2-05 g.), m. p. 138— 
148°, was washed with water and dried. Recrystallisation from ethanol gave yellow crystals 
(1-4 g.), m. p. 148—-150° undepressed on admixture with 2-bromo-3-methyl-1,4-naphthaquinone, 
m. p. 152—154°. 

2-Methyl-1,4-naphthaquinol 1-Benzoate-4-(Diethyl Phosphate)—(a) The phosphate (1-25 g.) 
of m. p. 107—109° was treated in pyridine (10 ml.) with benzoyl chloride (1-5 ml.), left over- 
night, and poured into dilute sulphuric acid and ice. A precipitated gum was extracted 
with benzene, washed twice with dilute sodium hydroxide solution and then with water, 
recovered by evaporation in vacuo, and dried by addition and evaporation of acetonitrile in 
vacuo. A colourless oil (1-7 g.) remained which slowly crystallised. Recrystallisation from 
ether-light petroleum (b. p. 40—60°) and then from cyclohexane gave needles of the benzoate, 
m. p. 84:-5—86° (Found: C, 63-9; H, 5-2; P, 7-5. C,,H,,0,P requires C, 63-9; H, 5-6; P, 
75%). 

There was no depression of the m. p. on admixture with material prepared as in (b) and 
the infrared spectra were identical. 

(6) 2-Methyl-1,4-naphthaquinol 1-benzoate * (1-39 g., 0-005 mole) was suspended in dry 
carbon tetrachloride (10 ml.), and diethyl phosphite (0-7 g.) was added, followed by triethyl- 
amine (0-5 g.). The benzoate rapidly dissolved and heat was evolved. After being cooled, 
the mixture was set aside overnight. Triethylamine hydrochloride was filtered off and the 
filtrate was washed with 2N-sodium hydroxide and water, and then evaporated. The oily 
residue was finally dried by addition and evaporation of acetonitrile in vacuo. ‘The oil (1-6 g.) 
crystallised when scratched and had m. p. 74—80°. Recrystallisation from ether—light 
petroleum (b. p. 40—60°) gave two crops: prisms (320 mg.), m. p. 75—83°, and needles (640 
mg.), m. p. 83-5—85°; the former recrystallised from ether—light petroleum as needles (200 mg.), 
m. p. 84:5—85-5°; the needles recrystallised as a mixture of prisms (m. p. 74°) and needles, 
but recrystallisation from a more dilute solution gave only needles, m. p. 83-5—85°. There 
was no significant difference between the infrared spectra of the prisms and needles and both 
gave satisfactory analyses [Found, in material dried im vacuo at 40°: (a) prisms: C, 63-8; 
H, 5-6; P, 7-5; (b) needles: C, 64-1; H, 5-3; P, 7-7%]. 

2-Methyl-1,4-naphthaquinol 4-Benzoate 1-(Diethyl Phosphate).—2-Methyl-1,4-naphthaquinol 
1-(diethyl phosphate) (1-55 g.) was treated in pyridine with benzoyl chloride (1-25 g.) overnight. 
The product, isolated as usual, was dried by addition and evaporation, in vacuo, of alcohol 
and then crystallised (2-5 g.). Recrystallised twice from ether-light petroleum (b. p. 40—60°), 
this ester had m. p. 82—83°, depressed on admixture with the isomer, and differing from it in 
the detail of the infrared spectra (Found, in material dried in vacuo at 40°: C, 63-9; H, 5-6; 
P, 7-3%). 

2-Methyl-1,4-naphthaquinol 1-(Diethyl Phosphate) 4-Toluene-p-sulphonate.—2-Methy]-1,4- 
naphthaquinol 1-(diethyl phosphate) (m. p. 167—169°) (3-1 g.) was treated in pyridine with 
toluene-p-sulphonyl chloride. Two recrystallisations of the resulting ester (4-0 g.) from cyclo- 
hexane gave plates (2-0 g.), m. p. 93—94° (Found, in material dried in vacuo at 60°: C, 56-9; 
H, 5-4; P, 6-6. C,,H,,O,PS requires C, 56-9; H, 5-4; P, 6-7%); there was no depression of 
the m. p. on admixture with authentic ester, prepared as below, and the infrared spectra were 
identical. 

2-Methyl-1,4-naphthaquinol 1-Acetate 4-Toluene-p-sulphonate.—2-Methyl-1,4-naphthaquinol 
l-acetate ® (10-8 g.) in dry pyridine (50 ml.) gave its 4-toluene-p-sulphonate (14 g.), plates, m. p. 
128—130° (from ethanol) (Found, in material dried in vacuo at 80°: C, 65-3; H, 5-0. C, 9H,,O,S 
requires C, 64:9; H, 49%). 

2-Methyl-1,4-naphthaquinol 4-Toluene-p-sulphonate.—The last-mentioned diester (12-6 g.) 
was heated in ethanolic 3-9N-hydrogen chloride (50 ml.) for 2 hr. After evaporation in vacuo 
the residual toluene-p-sulphonate recrystallised from methanol as rods (9-8 g.), m. p. 158—159° 
(Found, in material dried im vacuo at 80°: C, 65-6; H, 4:9. C,,H,,0,S requires C, 65-9; 
H, 49%). 

2-Methyl-1,4-naphthaquinol 1-(Diethyl Phosphate) 4-Toluene-p-sulphonate.—2-Methyl-1,4- 
naphthaquinol 4-toluene-p-sulphonate (1 g.) was suspended in dry carbon tetrachloride (12 ml.), 
and diethyl phosphite (0-42 g.) was added, followed by triethylamine (0-3 g.). The mixture 
was set aside overnight. Unchanged material and triethylamine hydrochloride were then 
filtered off and the hydrochloride was extracted with water; leaving 0-53 g. of starting material. 
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The carbon tetrachloride solution was washed with dilute acid, 2N-sodium hydroxide, and 
finally three times with water, and evaporated in vacuo. The residual phosphate crystallised 
and was dried (yield, 350 mg.; m. p. 76—82°). Two recrystallisations from cyclohexane gave 
colourless plates (140 mg.), m. p. 92-5—-94° (Found, in material dried in vacuo at 60°: C, 57-1; 
H, 5-0; P, 6-9%). 

Di-n-propyl, Di-isopropyl, and Di-n-butyl Phosphates of 2-Methyl-1,4-naphthaquinol.—The 
details of the preparations were as for the diethyl phosphates above, with the same molar 
quantities, but the alcohol used was that from which the particular phosphite was derived. 
In each of these experiments only one pure crystalline compound was isolated but a considerable 
amount of material remained in the mother-liquors. The products are tabulated. 

2-Methyl-1,4-naphtha- 
quinol dialkyl] 


phosphate : Yield Found (%) Required (%) 

alkyl group M. p. (%) Cc H 4 Formula Cc H P 
NMI | dooccctccnctntnene 11I—113° 49's 60-7—s 7-1~S—« 9-0) C,, H,,0,P 60-4 69 92 
Isopropyl ........-..:0000++ 147—150 37 60-3) «7-1 = 95S CypHyO,P 60-4 69 92 
DIE pdeacctzidisliinns 71—73 45 622 73 865 C,,H,,0,P 623 74 865 


2,3-Dimethyl-1,4-naphthaquinol Diethyl Phosphate.—To 2,3-dimethylnaphthaquinone (1-9 g., 
0-01 mole), dissolved in benzene (15 ml.), diethyl phosphite (2-8 g., 0-02 mole) was added followed 
by a n-solution (2 ml.) of potassium t-butoxide in benzene. The warm mixture was set aside 
until it had cooled to room temperature and was then evaporated im vacuo. The residue 
separated from cyclohexane as colourless crystals (2-5 g.), m. p. 120—123° (Found, in material 
dried in vacuo at 80°: C, 58-8; H, 6-5; P, 9-3. C,,H,,O,;P requires C, 59-3; H, 6-5; P, 9-6%). 

Rocue Propucts LIMITED, 

WELWYN GARDEN City, HERTs. [Received, May 17th, 1960.) 


906. Sesquiterpenoids. Part II. The Constitution and 
Stereochemistry of Drimenin, Isodrimenin, and Confertifolin. 


By H. H. Appet, J. D. Connotty, K. H. OveERTOoN, and (in part) R. P. M. Bonn. 


The constitution and absolute stereochemistry of three isomeric ses- 
quiterpenoid lactones, drimenin and isodrimenin, C,;H,,O,, isolated from 
Drimys winteri Forst., and confertifolin, from D. confertifolia Phil., have 
been elucidated by relating them to drimenol. They are shown to arise from 
oxidation of the carbon atoms at positions 11 and 12 in drimane. 


CONTINUING our investigation of the stem barks of South American Drimys species, we 
have isolated three new isomeric sesquiterpenoid lactones. Two of these, drimenin and 
confertifolin, have been described? in a preliminary communication. We now submit 
evidence for the constitution and stereochemistry of these compounds and the subsequently 
isolated isodrimenin. 

Drimenin, C,;H,,0,, was isolated from bark specimens of Drimys winteri Forst., which 
did not contain drimenol. Its infrared spectrum indicated the presence of a butanolide 
and one isolated, triply substituted ethylenic linkage (vmx, 1780vs and 1670vw cm.* in 
CCl,; 808mw cm. in Nujol). Its lactonic nature is supported by reduction with lithium 
aluminium hydride to an unsaturated diol, Cy;H,,O0, (see p. 4691), whose ultraviolet and 
infrared spectra also revealed a triply substituted ethylenic linkage. Both the lactone 
and the diol gave a yellow colour with tetranitromethane. 

Three factors suggested a bicyclofarnesol skeleton in drimenin: first, consideration of 
analytical data and the functional groups disclosed spectroscopically, lead to the conclusion 
that drimenin must be tricyclic; secondly, drimenin exhibited marked similarity to 
drimenol ! in the CH deformation region of its infrared spectrum (Vmax. 1366 and 1389 cm.+ 


1 The paper by Appel, Brooks, and Overton, J., 1959, 3322, is regarded as Part I. 
2 Appel and Dohr, Scientia (Chile), 1958, 25, 137. 
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in CCl,), indicative of a gem-dimethyl group attached to a six-membered ring; thirdly, 
drimenin occurs as a constituent of D. winteri in place of drimenol, thus lending biogenetic 
support to such a supposition. Ab origine and by analogy with iresin,® the y-lactone of 
drimenin might be expected to arise from oxidation of the carbon atoms at positions 11 
and 12 in drimane 4 and the double bond to be located at position 7,8 as in expression (IX). 
The evidence presented in the sequel shows this to be correct. 

Treatment of drimenin with 10% ethanolic potassium hydroxide at 20° for 1 hr. 
afforded isodrimenin which is formulated as (X) on the basis of its infrared [vmx 1766vs 
(aB-unsaturated butenolide) and 1671m cm." (conjugated C=C) in CCl,; 783m cm.-t in Nujol; 
the significance of the last band which also appears in the spectra of the lactones (VII), (XI), 
and (XVIII) will be discussed elsewhere] and ultraviolet (Amax, 218 my; ¢ 10,000) spectra. 
Oxidation of either drimenin (IX) or isodrimenin (X) with Beckmann’s mixture afforded 
oxoisodrimenin which we formulate as (VII) on the basis of its spectroscopic properties 
and subsequent transformations and by analogy with the corresponding acid! (XVII) 
obtained from drimenol. Thus it had infrared bands in carbon tetrachloride at 1774vs 
(a8-unsaturated butenolide) and 1690vs cm. («8-unsaturated cyclohexenone) and in 
Nujol at 783m cm.-, and ultraviolet bands at 247 my (e 10,600) in neutral ethanol and 
259 my (rising to a maximum ¢ 5600 after % hr.) in 0-01N-ethanolic potassium hydroxide. 
Reduction with zinc dust in refluxing acetic acid furnished the dihydro-oxo-lactone (III) 
showing infrared bands in carbon tetrachloride at 1781s (butanolide) and 1716ms cm. 
(cyclohexanone) (absence of band near 780 cm.* in Nujol) and in the ultraviolet region 
Amax, 282 my (¢ 30). The cis-fusion of the stable dihydro-oxo-lactone (III) obtained in the 
zinc reduction of lactone (VII) is shown by its ready dehydrogenation (see p. 4691) by 
selenium dioxide to the dienone lactone (XVIII). In contrast, the acid (XIX) is, even 
during working up, largely transformed into the 8a-methyl isomer. The difference in 
stabilities of the compounds (III) and (XIX) probably arises. from the conformations of 
their 88-substituents. In the acid (XIX) this is axial and results in 1,3,5-triaxial non- 
bonded interaction with the methyl groups at positions 4 and 10. In the lactone (III) 
the 86-substituent is constrained, by virtue of its inclusion in the attached butanolide, in 
a quasi-equatorial conformation and thus the driving force for isomerisation to the 
8a-lactone is diminished. When the lactone (III) was kept in 1% methanolic or ethanolic 
potassium hydroxide at 20° for 16 hr. in an attempt to bring about isomerisation at 
Cig, it was smoothly transformed into the corresponding alkoxy-acids (II; R = Me or Et 
respectively); these had infrared bands in chloroform at 3504w (OH of CO,H monomer), 
1740m (CO,H monomer), and 1705s (superposed cyclohexanone and CO,H dimer) cm. 
and are presumably formed by 6-elimination of the lactone, followed by addition of 
alcohol to the resulting «-methylene ketone. The acids (II; R = Me or Et), when heated 
above their melting points, afforded a compound (C,;H,.0;),, m. p. 258—260°, which on 
the basis of mass-spectroscopic molecular weight, yellow colour with tetranitromethane, 
infrared [3505w (OH of CO,H monomer), 1740m (CO,H monomer), and 1706m cm.* (cyclo- 
hexanone; the expected * enol ether band is not resolved)] and ultraviolet [Amax, 205 my 
(ec 5400) (Hilger Uvispek)] spectra and recorded * precedent is formulated as the dimer 
(XX) (or equivalent). 

Dehydro-oxoisodrimenin (XVIII) which is obtained either from the lactone (III) 
or directly from oxoisodrimenin (VII) with selenium dioxide has infrared absorption 
maxima at 1773vs («$-unsaturated butenolide), 1682s, and 1651vs cm. (cyclohexadienone) 
in carbon tetrachloride and at 783m cm.7* in Nujol, and resembles the analogous ester 
(XXIII) obtained from methyl cativate 5 [particularly in the appearance in its infrared 
spectrum of an intense third band near 1650 cm. compared with its precursor (VII); 
an ultraviolet maximum at 248 mu (e 14,800) supports this resemblance]. However, the 

% Djerassi et al., J. Amer. Chem. Soc., 1954, 76, 6410; 1957, 79, 3528; Tetrahedron, 1959, 7, 37. 


* Romann, Frey, Stadler, and Eschenmoser, Helv. Chim. Acta, 1957, 40, 1900. 
5 Halsall and Moyle, J., 1960, 1324. 
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lactone (XVIII) no longer exhibits the bathochromic shift in basic solution observed with 
the compounds (VII) and (XVII). Observations on selected analogous compounds ® 
indicate that this shift probably depends on the ability of the ketonic carbonyl group to 
enolise. 

The dienone-lactone chromophore of dehydro-oxoisodrimenin can be accommodated 





"CO.H CO3H 
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CH2*OH CH2*OH Ad 
CH2*OH 
CH2*OH CH2*OH 
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CH2-OH CH2*OH 
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on the drimane template only as in (XVIII), which therefore defines the constitution (IX) 
of drimenin as drim-7-en-11,12-olide. This was supported by three experiments which 
also define its absolute stereochemistry. 

First, ozonolysis of oxoisodrimenin (VII) at —70° in ethyl acetate and decomposition 
of the ozonide with aqueous sodium hydrogen carbonate in presence of hydrogen peroxide 
furnished drimic acid (IV) ; glycollic acid could be isolated when the ozonide was decomposed 
with sodium hydrogen carbonate alone. Secondly, reduction of the methoxy-acid (II; R = 
Me) with zinc in acetic acid afforded the oxo-acid (I) obtained from drimenol.! Thirdly, 
reduction of drimenin with lithium aluminium hydride in ether afforded the diol (VI), 
which had an infrared band in Nujol at 834 cm. and ultraviolet absorption (tg9g m, 2000; 
S19 mu 920; €g09 mz 125) characteristic of a triply substituted ethylenic linkage. This on 
reduction with Adams catalyst in acetic acid consumed two mol. of hydrogen and furnished 
drimanol ! (V) (characterised as the 3,5-dinitrobenzoate) in essentially quantitative yield. 


* C. J. W. Brooks, unpublished observations; we gratefully acknowledge their disclosure before 
publication. 
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Reduction of drimenin over Adams catalyst in acetic acid or ethyl acetate resulted in 
formation of a 1 : 1 mixture of dihydrodrimenin (XII) [vmx in carbon tetrachloride 1780vs 
cm.“ (butanolide)] and isodrimenin (X), which was readily separable by chromatography. 
Drimenin was recovered unchanged after treatment with Adams catalyst alone in acetic 
acid. The migration during catalytic reduction of an ethylenic double bond, initially 
exocyclic to a butanolide, to a tetrasubstituted endocyclic location, has a parallel in the 
chemistry of ambrosin,’ as has the stability of the resulting allylic lactone. A mechanism 
has been proposed*® for a cognate migration which occurs during the reduction of 






ade oc—o CO}H 
2 
(XVII) (XVIII) (XIX) 
CO}H 
: fe) . “Tis O 
4 HO", AcO™ 
HO,¢ CH2-OH CH OAc 
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gO 9 r—9 
- Oo co ae 
2Me s | 
° RO“ 
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protolichesterenic acid; here, as in drimenin, stabilisation resulting from double-bond 
conjugation with the carbonyl group may provide an additional driving force for the 
migration. Reduction of dihydrodrimenin (XII) with lithium aluminium hydride afforded 
the cis-diol (XV); its stereochemistry follows from identity with the (necessarily cis)-diol 
obtained from confertifolin (XI; see p. 4689) by the same reaction sequence, and from the 
known (see p. 4687) stereochemistry of drimenin at position 9. The stability to base of 
dihydrodrimenin (XII) under conditions which readily transform the isomeric lactone 
(XIII) and dihydroiresin (XX1I) into the corresponding ¢rans-lactones is readily rationalised 
by reference to molecular models; conversion into a ¢rans-lactone by inversion at position 
9 would force ring B into the boat conformation and is therefore not favoured. Similar 
conformational considerations ® have led to a stereochemical assignment at Cys) in the 
lactone (XXIV) obtained from sclareol. Reduction of isodrimenin with lithium alu- 
minium hydride afforded the unsaturated diol (VIII). Attempts to reduce isodrimenin 
catalytically even in presence of perchloric acid gave back only starting material. 

Isodrimenin, isolated from a specimen of D. winteri Forst., is probably not an artefact, 
since drimenin is substantially unchanged when subjected to the conditions used in the 
isolation procedure. 

The constitution and stereochemistry of confertifolin, C,;H,,0,, previously ? isolated 
from D. confertifolia Phil. and subsequently in much better yield from D. winteri Forst., 
follow simply from the following considerations. Confertifolin does not give a colour with 
tetranitromethane; it has infrared bands in carbon tetrachloride at 1769vs («$-unsaturated 
butenolide) and 1677vw cm.* (conjugated C=C) and in Nujol at 783mw cm.*. In the 

? Sorm, Suchy, and Herout, Coll. Czech. Chem. Comm., 1959, 24, 1548. 


* Van Tamelen, Osborne, and Bach, J. Amer. Chem. Soc., 1955, 77, 4625. 
* Klyne, J., 1953, 3072. 
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ultraviolet region it has Amsx 217 my (e 11,750). These spectroscopic properties very 
closely resemble those of isodrimenin (X) and isoiresin (XXV; R= H), suggesting for 
confertifolin the constitution (XI) of drim-8-en-12,11-olide, either directly or enantiomeric- 
ally related to isoiresin. The validity of the second alternative was confirmed as follows. 
First, reduction of confertifolin with lithium aluminium hydride in ether afforded the 
unsaturated diol (VIII) previously obtained from isodrimenin (X). Secondly, unlike 
jsodrimenin (X), but like isoiresin (XXV; R =H), confertifolin was smoothly hydro- 
genated by Adams catalyst in acetic acid and afforded the lactone (XIII) [vmx in CCl 
1784vs cm." (butanolide)]. Lithium aluminium hydride converted this into the saturated 
diol (XV) previously obtained from drimenin. The difference in behaviour during catalytic 
reduction of the isomeric lactones (X) and (XI) appears to us to merit comment. This can 
be rationalised if reduction is supposed to proceed via the A’-isomer (or equivalent); with 
the lactones (XI) and (XXV; R= H) conjugation with the lactonic carbonyl group is 
retained in the intermediate whereas this would not be the case with isodrimenin (X). 
Significantly, the lactones (XI) and (XXV; R= Ac)” are not hydrogenated in ethyl 
acetate. As expected, the cis-lactone (XIII) was readily converted into the trvans-lactone 
(XIV) [vmax. in CCl, 1792vs cm. (butanolide)] with methanolic potassium hydroxide at 20°. 
The constraint imposed on a parallel change with the isomeric lactone (XII) does not 
operate here. The physical constants of the trans-lactone (XIV) do not accord well with 
those recorded ™ for the enantiomeric lactone (XXVI) obtained from iresin, which 
unfortunately was not available for comparison. However, there is satisfactory corre- 
spondence between the molecular-rotation changes associated with the transformations 
isoiresin diacetate (XXV; R = Ac) —» isodihydroiresin diacetate (XXII) (A[M], + 
45°) and confertifolin (XI) —» isodihydroconfertifolin (XIV) (A{M],, — 216°). Reduc- 
tion with lithium aluminium hydride of the lactone (XIV) led to the new ¢rans-diol (XVI). 

Catalytic hydrogenation of both drimenin and confertifolin is thus seen to take place 
from the more accessible a-face of the molecule, as occurs predominantly with drimenol.! 

The behaviour, on oxidation, of drimenin, isodrimenin, and confertifolin merits 
comment. Drimenin and isodrimenin are transformed into oxoisodrimenin at similar 
rates by either Beckmann’s mixture or chromium trioxide in 95% acetic acid [contrast 
the difference in reactivity 1 of methyl 19-oxo-olean-12- and -13(18)-enolate acetate]. 
Confertifolin does not yield the corresponding oxo-lactone with these reagents and is 
recovered largely unchanged. 

Drimenin, isodrimenin, and confertifolin represent three additional members of the 
small class of bicyclofarnesol derivatives having the same absolute stereochemistry as 
drimenol and notably also lacking an oxygen function at position 3.1% The occurrence 
in the same plant of two isomeric lactones resulting from transposition of the oxygen 
functions attached to the same carbon atoms is a novel phenomenon in terpenoid chemistry. 


EXPERIMENTAL 


M. p.s were determined on the Kofler block. Infrared solution and KCl disc spectra were 
kindly recorded by Mrs. F. Lawrie with a Unicam S.P. 100 double-beam infrared spectrometer 
and are accurate to +1 cm.1; Nujol spectra were taken with a Perkin-Elmer 13 spectrometer, 
ultraviolet spectra with a Unicam S.P. 500 spectrometer for solutions in ethanol unless stated 
to the contrary. Microanalyses are by Mr. J. M. L. Cameron and his staff. Extractions of 
plant material were kindly carried out by Sr. J. Olivares. Chromatographic alumina was 
prepared and standardised by Brockmann’s procedure.* The light petroleum used was of 
b. p. 60—80° unless stated to the contrary. 

Extraction of Drimenin, Isodrimenin and Confertifolin.—The dried powdered bark was in 


% Crabbe, Burstein, and Djerassi, Bull. Soc. chim. belges, 1958, 67, 632. 

" Djerassi, Donvan, Burstein, and Mauli, J. Amer. Chem. Soc., 1958, 80, 1972. 
Barton, Holness, Overton, and Rosenfelder, J., 1952, 3751. 

#8 Djerassi, Cais, and Mitscher, ]. Amer. Chem. Soc., 1959, 81, 2386. 

“ Brockmann, Ber., 1941, 74, 73. 
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each case exhaustively extracted with light petroleum (b. p. 70—80°) in a Soxhlet apparatus, 
Removal of solvent, distillation im vacuo of the residue, and working up of the appropriate 
fractions then afforded the lactones as follows. 

Drimenin (IX). From Drimys winteri Forst. (Loncoche). Obtained by washing of the 
fraction of b. p. 160—185°/8 mm. with a little cold methanol, drimenin (2% by weight of the 
extract) crystallised from methanol and sublimed at 110°/0-1 mm., then having m. p. 133°, 
[a], —42° (c 0-76 in C,H,) (Found: C, 77-2; H, 95%. Calc. for C,;H,,0,: C, 76-9; H, 9-45%). 

Confertifolin (XI). From Drimys winteri Forst. (Valdivia). The fractions of b. p. 2590— 
300°/8—5 mm. afforded, on dilution with light petroleum and refrigeration, crude confertifolin 
(38% by weight of the extract). Recrystallised from light petroleum this had m. p. 152°, 
[a], +72° (c 2-00 in CHCI,), +93° (c 2-10 in C,H,) (Found: C, 76-75; H, 9-65%). 

Isodrimenin (X). From Drimys winteri Forst. (Loncoche). Obtained from the fraction 
of b. p. 195—210°/3 mm. in 0-56% yield based on the extract. Crystallised from n-hexane and 
sublimed at 100°/0-1 mm., it had m. p. 131—132°, {a],, +87° (c 2-02 in CHCI,), +78° (c 0-80 
in CgH,) (Found: C, 76-55; H, 9-5%). 

Isomerisation of Drimenin.—Drimenin (40 mg.) was dissolved and kept in 10% ethanolic 
potassium hydroxide (2 ml.) at 20° for 1 hr. Acidification, dilution, and extraction into ether 
afforded isodrimenin (X) (36 mg.) which, crystallised (rods) from n-hexane and sublimed at 
115°/0-1 mm., had m. p. 129—131°, [a,, +79° (c 1-03 in C,H,); it was identical in m. p., mixed 
m. p. and infrared spectrum with isodrimenin isolated from D. winteri Forst. (see above) and 
by hydrogenation of drimenin (see below). 

Oxidation of Drimenin and Isodrimenin with Beckmann’s Mixture.—(A) Drimenin (200 mg) 
in ‘“‘ AnalaR ”’ acetic acid (8 ml.) and Beckmann’s mixture (2 ml.) was kept at 20° for 24 hr. 
Dilution, extraction into ether, washing of the ether extract successively with saturated aqueous 
sodium hydrogen carbonate and water, and chromatography over alumina (activity III; 6g) 
in benzene, afforded oxoisodrimenin (VII) (120 mg.), plates (from n-hexane), m. p. 112—113°, 
[a], +52° (c 1-89 in C,H,). (B) Isodrimenin (200 mg.), oxidised in the same manner, afforded 
oxoisodrimenin (160 mg.), identical in m. p., mixed m. p., and infrared spectrum with material 
obtained as in (A). 

Relative Rates of Oxidation of Drimenin, Isodrimenin, and Confertifolin with (a) Beckmann’s 
Mixture and (b) Chromium Trioxide in 95% Acetic Acid.—The compound (100 mg.) in (a) 
acetic acid (4 ml.) and Beckmann’s mixture (1 ml.) or (b) acetic acid (2 ml.) containing chromium 
trioxide (43 mg., 1-50) was kept at 20° for 16 hr. The total neutral product obtained in the 
usual way was examined in the ultraviolet region. Drimenin: (a) the neutral product (80 mg) 
had Amax, 247 my (¢ 5600); (b) 93 mg. Amax, 247 my (¢ 4200). Isodrimenin: (a) 95 mg., Amax 219 
(ec 7000), 247 mu (ce 5500); (b) 95 mg., Amax, 219 (e 7400), 247 my (ce 5000). Confertifolin; (a) 
78 mg., Amax. 217 my (e 9500). 

Reduction of Oxoisodrimenin with Zinc and Acetic Acid.—Oxoisodrimenin (70 mg.) was 
refluxed with zinc dust (1-5 g.) in glacial acetic acid (20 ml.) for 3 hr. Removal of zinc and 
solvent left a residue (60 mg.) of dihydro-oxoisodrimenin (III), which, thrice crystallised from 
benzene—n-hexane (needles), had m. p. 124—126°, [a],, — 115° (c 1-0 in CgHg), Amax. 282 my (e 29) 
(Found: C, 71-8; H, 8-8. C,,H,.O, requires C, 71-95; H, 8-85%). 

12-Ethoxy-1-oxodriman-ll-oic Acid (Il; R = Et).—Dihydro-oxoisodrimenin (56 mg), 
dissolved in 1% ethanolic potassium hydroxide (6 ml.), was kept at 20° for 16 hr. The acidic 
product (59 mg.), obtained in the usual way, afforded needles (50 mg.) of 12-ethoxy-7-ox0- 
driman-11-oic acid from acetone-light petroleum; these had m. p. 175—179° and resolidified at 
230—245° (see below). Sublimed at 130°/10° mm. and recrystallised from the same solvents, 
this acid had m. p. 182—184°, [aJ,, +21° (c 1-17 in CHCI,) (Found: C, 68-9; H, 9-5. C,H 
requires C, 68-9; H, 9-5%). 

The corresponding methoxy-acid (Il; R = Me) obtained in the same way with methanolic 
alkali had (from the same solvent) m. p. 170—171°, [a], +12° (c 1-17 in CHC1,) (Found: C, 68-2; 
H, 9-4. C,,H,,O, requires C, 68-05; H, 9-3%). 

7-Oxo-8a-driman-1l-oic Acid (1).—The methoxy-acid (II; R = Me) (7 mg.) in “ AnalaR” 
acetic acid (2 ml.) was refluxed with zinc dust (35 mg.) for 3 hr. Removal of zinc and solvent 
afforded 17-0x0-8a-driman-11-oic acid (6 mg.), prisms (from ether-hexane), m. p. 200—202 
alone and mixed with the acid obtained by reduction of 7-oxodrim-8-en-11-oic acid, and of 
identical infrared spectrum. 

Dimer (?XX).—(a) The above ethoxy-acid (31 mg.), heated in nitrogen at 200° until gas 
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evolution ceased (2—3 min.), solidified on cooling to afford the dimer. Crystallised from 
acetone—benzene (needles) (12 mg.), this had m. p. 258—260°; a second crop (10 mg.) had 
m. p. 254—258°. The dimer had a mass-spectroscopic molecular weight 506 + 10 (calc., 500) 
(kindly determined by Dr. R. I. Reed and his colleagues on a Metropolitan-Vickers Ltd. M.S. 
9 Mass-spectrometer) (Found: C, 71-45; H, 8-4. C,;H,,O, requires C, 71-95; H, 8-85%). 
() Pyrolysis of the methoxy-acid afforded the dimer, m. p. alone and mixed 255—260°, and 
jdentical in infrared spectrum with that obtained as in (a). 

Oxidation of Dihydro-oxoisodrimenin and Oxoisodrimenin with Selenium Dioxide.—(i) Dihydro- 
oxoisodrimenin (15 mg.) and selenium dioxide (100 mg.) were refluxed in glacial acetic acid 
(3 ml.) for 2 hr. Removal of solids and solvent and filtration of the residue in benzene through 
alumina (activity V; 1 g.) afforded a yellow oil (12 mg.). Crystallisation from hexane furnished 
dehydro-oxoisodrimenin (XVIII) as rods, m. p. 98—100°, contaminated with red selenium. 

(ii) Oxoisodrimenin (25 mg.) was oxidised with selenium dioxide (100 mg.) as in (i). The 
crude product in benzene (10 ml.) was shaken with precipitated silver for 4 hr., and the benzene 
solution filtered through silver and alumina (activity III; 1 g.). The residue obtained on 
removal of solvent from the eluate was dissolved in benzene—hexane (i : 5) and chromatographed 
over alumina (activity III; 1 g.), affording selenium-free dehydro-oxoisodrimenin (XVIII) (18 
mg.) which crystallised spontaneously. Recrystallised from hexane this had m. p. 100—102° 
and was identical in mixed m. p. and infrared spectrum with material obtained as in (i). The 
product had [a], + 21° (c 1-95 in C,H,) and Amax, 248 my (e 15,800) in EtOH and 0-001N-ethanolic 
KOH (Found: C, 73-45; H, 7-25. C,;H,,0O, requires C, 73-15; H, 7-35%). 

Ozonolysis of Oxoisodrimenin.—(i) Oxoisodrimenin (100 mg.) in ethyl acetate (10 ml.) was 
treated with ozonised oxygen at —70° until the absorption peak at 247 my had disappeared 
(23 hr.). The solution was allowed to warm to 20°, saturated aqueous sodium hydrogen 
carbonate (5 ml.) was added, and the ethyl acetate. removed by distillation in vacuo. 30% 
Hydrogen peroxide (2 ml.) was then added and the solution kept at 20° for 10 hr. Acidification, 
saturation with ammonium sulphate, and extraction with ether afforded a clear oil (90 mg.) 
which was adsorbed from benzene on chromatographic silica gel (B.D.H.; 6 g.). Elution with 
4:1 benzene-ether furnished the only semicrystalline fractions (41 mg.), which on sublimation 
at 140°/0-1 mm. gave drimic acid } (IV), m. p. alone and mixed with material prepared from 
nordrimenone,' 165—167°, and of essentially identical infrared spectrum. 

(ii) Oxoisodrimenin (150 mg.) was ozonised for 3} hr. as in (i), and the ozonide was decom- 
posed without hydrogen peroxide. Saturation with ammonium sulphate of the aqueous 
solution and hand-extraction with ether afforded a colourless oil (155 mg.) which was not 
further investigated. Continuous extraction with ether for 36 hr. furnished a crystalline acid 
(17 mg.) which, recrystallised from ether—benzene, had m. p. 76—77°, alone and mixed with 
glycollic acid, and of correct infrared spectrum. 

Reduction of Drimenin with Lithium Aluminium Hydride.—Drimenin (100 mg.) in ether 
(5 ml.) was added dropwise to lithium aluminium hydride (200 mg.) in ether (10 ml.), and the 
suspension was stirred for 4hr. The product obtained in the usual way was a clear oil (87 mg.), 
showing only residual carbonyl absorption in the infrared spectrum. Adsorption on alumina 
(activity V; 3 g.) from benzene—hexane (1:1) and elution with benzene afforded drim-7-ene- 
11,12-diol (VI) (53 mg.), rods (from hexane), m. p. 73-5—74-5°, [a],, —7° (c 1-38 in C,H,), giving 
a yellow colour with tetranitromethane (Found: C, 75-6; H, 11-25. C,,;H,,O, requires C, 75-6; 
H, 110%). 

Hydrogenation of the Diol.—The above diol (25 mg.) in glacial acetic acid (5 ml.) was hydro- 
genated with Adams catalyst (23 mg.) at 20°/1 atm.; 2-2 mol. hydrogen were absorbed in 30 min. 
The crystalline product (26 mg.), twice crystallised from hexane, had m. p. 109—110° alone 
and mixed with drimanol ! (V) (identical infrared spectrum) and [a],, +18° (c 0-39 in C,H,). 
The derived 3,5-dinitrobenzoate had m. p. 138—139° alone and mixed with drimanyl 3,5- 
dinitrobenzoate. 

Hydrogenation of Drimenin.—Drimenin (600 mg.) in ethyl acetate (120 ml.) was hydro- 
genated with Adams catalyst (270 mg.) at 20°/1 atm.; 1-18 mol. hydrogen were absorbed in 40 
min. The crude product was adsorbed ‘on alumina (activity III; 18 g.) from light petroleum. 
Elution with 1 : 9 benzene-light petroleum afforded dihydvodrimenin (X11) (347 mg.), rods (from 
hexane), m. p. 71—73°, [a], —79° (c 1-14 in C,H,) (Found: C, 76-4; H, 10-2. C,,H,,O, requires 
C, 76-2; H, 10-25%). Elution with benzene-light petroleum (1 : 4 to 1 : 0) afforded isodrimenin 
(X) (207 mg.), rods (from benzene-hexane), m. p. 131—132°, fel, + 79° (c 1-03 in C,H,). 











4692 Sesquiterpenoids. Part II. 


Drimenin was recovered after treatment with acetic acid at 70° or with Adams catalyst ang 
acetic acid at 20°. 

When drimenin in acetic acid was hydrogenated in presence of 10N-hydrochloric acid or 
perchloric acid the hydrogen uptake was 1—1-1 mol. and there was no acidic product. 

Dihydrodrimenin was recovered after 24 hr. in 5% methanolic potassium hydroxide. 

Isodrimenin (20 mg.) in acetic acid (5 ml.) and perchloric acid (1 drop) did not consume 
hydrogen during 72 hr. and was recovered. 

Reduction of Dihydrodrimenin and Isodrimenin with Lithium Aluminium Hydride.—86,9g. 
Drimane-11,12-diol (XV). Dihydrodrimenin (100 mg.) was reduced with excess of lithiym 
aluminium hydride in refluxing ether (10 ml.) for 1-5 hr. The diol (XV) (93 mg.) obtained jn 
the usual way, crystallised from chloroform in rods, m. p. 151—152°, [a],, +27° (c 0-98 in CHCl) 
(Found: C, 75-15; H, 11-9. C,,;H,,O, requires C, 74-95; H, 11-8%). 

The diol (22 mg.) and toluene-p-sulphony] chloride (27 mg.) were kept in dry pyridine (7 ml) 
for 16 hr. The product (22 mg.) obtained in the usual way was adsorbed on alumina (1-5 g.; 
activity III) from 1:1 benzene-hexane. Elution with the same solvent afforded 11,12-epoxy. 
86,96-drimane (10 mg.). Sublimed at 25°/0-1 mm., this had m. p. 38—38-5°, Amax, (in Nujol) 
1069 cm. (cyclic ether) (no OH or CO band) (Found: C, 81-35; H, 11-5. C,;H,,O requires 
C, 81-0; H, 118%). Elution with benzene furnished 86,98-drimane-11,12-diol ditoluene-p. 
sulphonate (8 mg.), needles (from ether—hexane), m. p. 143—145°, Amax, 225 mu (e 24,000) (Found: 
C, 63-3; H, 7-15. CygHyO,S, requires C, 63-5; H, 7-35%). 

Drim-8-ene-11,12-diol (VIII).—Isodrimenin (30 mg.) was reduced with excess of lithium 
aluminium hydride in ether (7 ml.) for 2 hr. Working up in the usual way afforded drim-8-ene- 
11,12-diol (VIII) (27 mg.), plates (from benzene), m. p. 123—124°, [aJ,, + 118° (c 1-03 in C,H), 
giving a yellow colour with tetranitromethane, €295 my 10,150, ¢219 mu 5900, €255 mu 2650, e599 my 
850 (Found: C, 75-9; H, 10-9. C,,H,,O, requires C, 75-6; H, 11-0%). 

Confertifolin and Congeners (With Mr. R. P. M. Bonp).—Reduction of confertifolin with 
lithium aluminium hydride. Confertifolin (343 mg.) was refluxed with lithium aluminium 
hydride (700 mg.) in ether (30 ml.) for 2hr. Working up in the usual way afforded drim-8-ene- 
11,12-diol (VIII) (214 mg.). Twice crystallised from benzene this had m. p. 121—123° alone 
and mixed with material obtained from isodrimenin (identical infrared spectrum; KCl disc), 
{aj,, +119° (c 1-78 in C,H,). 

Dihydroconfertifolin (XIII). Confertifolin (23 mg.) in acetic acid (5 ml.) was hydrogenated 
with Adams catalyst (22 mg.) at 20°/1 atm.; 1-18 mol. hydrogen were absorbed in 4 hr, 
Removal of catalyst and solvent furnished dihydroconfertifolin (XIII) (21 mg.), needles (from 
light petroleum), m. p. 134—135°, [a], +0° (c 4-28 in CHCl,) (Found: C, 76-4; H, 100. 
C,;H,,O, requires C, 76-25; H, 10-15%). When confertifolin was shaken with hydrogen and 
Adams catalyst in ethyl acetate there was no hydrogen uptake, and confertifolin was recovered. 

Isodihydroconfertifolin (XIV). Dihydroconfertifolin (31 mg.) was kept in 5% methanolic 
potassium hydroxide for 48 hr. Dilution with aqueous hydrochloric acid and extraction into 
chloroform afforded isodihydroconfertifolin (XIV) (28 mg.), plates (from hexane), m. p. 121— 
123°, [a], —9° (¢ 1-1 in CHCl,) (Found: C, 76-3; H, 9-9%). 

Reduction of dihydroconfertifolin and isodihydroconfertifolin with lithium aluminium hydride. 
(i) 88,98-Drimane-11,12-diol (XV). Dihydroconfertifolin (63 mg.) in tetrahydrofuran (15 ml.) 
was refluxed with excess of lithium aluminium hydride for 2 hr. Working up in the usual way 
gave 86,96-drimane-11,12-diol (XV) (42 mg.) which, crystallised from hexane and sublimed at 
120°/0-1 mm., had m. p. 151—153° alone or mixed with the diol obtained from drimenin (see 
above) (identical infrared spectrum; KCI disc), [a],, +24° (c 1-04 in CHCI,). 

(ii) 8a,98-Drimane-11,12-diol (XVI.) Isodihydroconfertifolin (23 mg.) was reduced as in 
(i), and the product (18 mg.) chromatographed over alumina (750 mg.; activity V). Elution with 
benzene afforded 8«,98-drimane-11,12-diol (XVI) (14 mg.), prisms (from hexane), m. p. 102—103°, 
[a],, +26° (c 3-1 in CHCI,) (Found: C, 74-75; H, 11-5. C,;H,,O, requires C, 74-95; H, 11-75%). 


We thank Professor D. H. R. Barton for reading the manuscript, Dr. G. Eglinton for the 
interpretation of infrared spectra, and Dr. C. J. W. Brooks for his helpful interest. Two of us 
are indebted to the Carnegie Trust (R. P. M. B.) and the D.S.I.R. (J. D. C.) for maintenance 
grants. 


UNIVERSIDAD TECNICA FEDERICO SANTA MARIA, VALPARAISO, CHILE. 
CHEMISTRY DEPARTMENT, THE UNIVERSITY, GLASGOW. (Received, May 19th, 1960.} 
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907. The Heat of Formation of Sulphur Chloride Pentafluoride. 
By H. F. Leacu and H. L. Roserts. 


The heat of hydrolysis of sulphur chloride pentafluoride in 2N-sodium 
hydroxide has been measured, and the result used to deduce a value of 
245 kcal. mole™ for its heat of formation. 


SULPHUR CHLORIDE PENTAFLUORIDE is quantitatively hydrolysed by aqueous sodium 
wwdroxide to sodium sulphate, fluoride, and chloride. This. reaction has been carried 
wut in an isothermal calorimeter and the heat of hydrolysis so measured has been used 
io calculate the heat of formation of sulphur chloride pentafluoride. 


EXPERIMENTAL 


Sulphur chloride pentafluoride was prepared and purified by the method described by 
Roberts and Ray. 

The heat measurements were made in a Bunsen-type isothermal calorimeter, diphenyl 
ether being used as the working substance. ‘The design of the calorimeter was similar to that 
of Giguere, Morissette, and Olmos. The diphenyl ether was distilled twice under reduced 
pressure and fractionally crystallised from the melt until the m. p. was constant at 26-87°. 
The thermostat in which the calorimeter was immersed was kept at 26-85° + 0-01°. At 
equilibrium, the mercury in the indicator capillary receded into the calorimeter at a rate of 
~l mm. per min. as the diphenyl ether slowly solidified. A return to contraction at this rate 
atthe end of an experiment gave a good indication of completion of the reaction. A correction 
for this constant heat loss must be made and in the experiments subsequently described was 
{the order of 5% of the total heat measured. 

The calibration constant of the calorimeter can be defined as the number of calories evolved 
inthe calorimeter per gram of mercury expelled. This was determined by dropping synthetic 
sapphire, whose specific heat is accurately known, from a steam thermostat mounted directly 
above the calorimeter well into dibutyl phthalate, which acts as a heat-transfer medium, in 
the calorimeter. The values obtained in five experiments were 19-17, 19-14, 18-82, 19-03, 
18-97 cal. per g., giving a mean value of 19-03 + 0-13cal.perg. This value is in good agreement 
with the value of 19-01 + 0-02 cal. per g. obtained by Giguére, Morissette, and Olmos.? 

Sulphur chloride pentafluoride (b. p. —21°) is a gas at the working temperature of the 
calorimeter. The experimental procedure adopted was to seal a sample of about 0-2 g. of 
liquid sulphur chloride pentafluoride into a capillary tube, the fine tip of which could be broken 
byan external plunger below the surface of the 20 ml. of 2N-sodium hydroxide solution contained 
inthe calorimeter well. In this way the liquid at the working temperature of the calorimeter 
sowly evaporates, giving a stream of fine bubbles of gas which react rapidly with the sodium 
hydroxide solution. The weight of sulphur chloride pentafluoride which reacts was estimated 
by analysis of the solution at the end of the experiment for sulphate and chloride. The satis- 
factory agreement between these two values indicated that the reaction had followed the 
expected course: 

SF,Cl + 8NaOH ——t Na,SO, + SNaF + NaCl + 4H,O 


As the gravimetric determination ef sulphate as barium sulphate was thought’ to be more 
accurate than the estimation of chloride by a volumetric method, the former result was used 
in the subsequent calculations. The heat of hydrolysis so obtained was combined with the 
known heats of formation 4 of sodium hydroxide, sodium sulphate, sodium fluoride, and sodium 
thloride in the appropriate quantity of water, and the heat of formation ‘ of water, to give a 
value for the heat of formation of liquid sulphur chloride pentafluoride. The value of 4560 


' Roberts and Ray, J., 1960, 665. 

* Giguére, Morissette, and Olmos, Canad. ]. Chem., 1955, 4, 657. 
* Ginnings and Farakawa, J. Amer. Chem. Soc., 1953, 75, 522. 

* Nat. Bur. Stand. Tables, Circular No. 500. 
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cal. mole being used for the latent heat of vaporisation,’ this can be converted into the hea 
of formation of gaseous sulphur chloride pentafluoride at 1 atm. The results obtained ap 
shown in the Table. 


Molar heat of form. 


Wt. (g.) of SF,Cl used Heat of reaction Molar heat ation (kcal. mole") 


(a) by SOZ (6) by Cl- (cal. mole) with — of hydrolysis of SF,Cl 
analysis analysis 20 ml. of 2N-NaOH (kcal. mole“) (4) liquid —_(b) gas 
0-258 0-254 374-4 235-8 247-8 243-2 
0-267 0-270 379-0 230-4 253-1 248-5 
0-158 0-157 226-8 232-8 250-9 246-3 
0-242 0-242 351-0 235-2 248-4 243-8 








Mean value of heat of formation of SF,Cl gas = 245 + 2 kcal. mole™. 


As a check on the experimental procedure, a similar set of experiments with sulphur dioxide 
was carried out. The values of the heat of formation of liquid sulphur dioxide obtained were 
74-37, 74-44, 74°37, 74-60, 74-96, 75-04, 74-56 kcal. mole™. These values may be compared 
with values of 74-6 kcal. mole™ obtained by Frost 5 and 76-96 kcal. mole™ obtained by Eckmanp 
and Rossini * by direct combustion of sulphur in oxygen. 


Discussion.—The heat of formation of sulphur hexafluoride has been determined by 
the direct combustion of*sulphur in fluorine, giving a value’ of 289-8 kcal. mole, By 
taking the heat of atomisation of sulphur as 57 kcal. per g.-atom and the heat of dissoci- 
ation of the F, molecule § as 37 kcal. mole, a value of 76 kcal. mole™ is obtained for the 
bond energy of the S-F bond in SF,. This value can be used in conjunction with the 
heat of formation of SF;Cl and the known dissociation energy of the Cl, molecule ® to 
make an estimate of the S-Cl bond energy if it is assumed that the S-F bond energy is 
the same in each case. The value so obtained, 45 kcal. mole™, is considerably lower than 
the value of 61 obtained from S,Cl,. A study of the infrared spectrum of sulphur chloride 
pentafluoride ® indicates, however, that the S-Cl bénd length in SF;Cl is similar to that 
in S,Cl,. Further, the fact that SF;Cl is stable above 250° suggests that the S-Cl bond 
in SF,Cl is quite strong. 

In discussing the conditions under which a sulphur atom can form six covalent bonds, 
Craig and Magnusson ® predict that the greatest bond energies can be expected when all 
six bonded atoms are fluorine. They further state that, if one fluorine atom is replaced 
by a larger less-electronegative chlorine atom, not only will the S-Cl bond be weaker 
than the S-F bond but also the five remaining S-F bonds will be weaker than in SF, 
Such a picture is entirely consistent with the chemical and thermodynamic data on SF, 
and SF,Cl, as a value of the S-Cl bond energy which is higher than 45 kcal. mole™ can 
only be permitted if the S-F bond energy is lower than the value of 76 found in SF, 
A similar picture emerges from the S-F bond force constants, a lower value being obtained 
for SF,Cl than SF,.” 


IMPERIAL CHEMICAL INDUSTRIES LIMITED, 
ALKALI Division RESEARCH DEPT., 


WINNINGTON, NORTHWICH, CHESHIRE. [ Received, June 20th, 1960.) 


5 Frost, Diss., University of California, 1926. 

® Eckmann and Rossini, J. Res. Nat. Bur. Stand., 1929, 3, 597. 

7 Hayaman, Gross, and Levi, International Symposium on Fluorine Chemistry, Birmingham, July, 
1959. 

® Cottrell, ‘‘ The Strengths of Chemical Bonds,’”’ Butterworths Scientific Press, London, 1958. 

® Craig and Magnusson, J., 1956, 4895. 

10 L. A. Woodward, personal communication. 
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908. onic Reactions of Fluorocarbon Lodides. 
By (Mrs.) J. Mason (BANus). 


SYNTHESES with fluorocarbon iodides all involve homolysis (radical—atomic, sometimes 
anion—anionic) of the Ry-I bond, for weak and medium nucleophiles do not replace iodide 
jon, and strong ones (e.g., thiophenoxide ion) abstract positive iodine} (Ry~ being pro- 
tonated by the solvent), although this will not iodinate very reactive aromatic nuclei, and 
Lewis acids do not promote heterolysis of either sort. 

Isotopic exchange under ionising conditions can be a sensitive test of heterolysis. 
Trifluoroiodomethane 2 exchanges very slowly with ™I- in ethanol in the dark, from 
—60° to +80°, and improved experiments with heptafluoroiodopropane show that the 
Arrhenius parameters are very low; the apparent activation energy AH? is 3-6 + 1-6 
kcal./mole, and the entropy AS* is —85 + 6 e.u., the limits expressing the variability of 
rate coefficients in parallel runs, and the irregularities of the Arrhenius plot. The exchange 
(half-time about 44 years) is homogeneous, nearly of first order in fluoroiodide, dependent 
also on iodide ion, and accelerated slightly by oxygen, markedly by free iodine. For 
trifluoroiodomethane AH? is slightly lower, and AS? a few units less negative. Above 
80° the exchange has a much higher temperature coefficient, and iodine is liberated. 

It is unlikely on chemical or kinetic grounds that the exchange is a nucleophilic substitu- 
tion: for Sy1 or Sy2 exchanges with halide ion of the alkyl halides,? AH? is 15—25 kcal./mole 
and AS? is —10 to +5 e.u., and for aryl halides ¢ (e.g., iodobenzene in acetonitrile at 200°) 
about 30 kcal./mole and —30 e.u. Unimolecular heterolysis as previously suggested,? 
or the abstraction of positive iodine by I~, while explaining the catalysis by iodine (and 
inhibition by reagents that remove it 4), are also unlikely since the solvent would protonate 
the carbanion before it could form active fluoroiodide with semi-active iodine present in 
minute concentration. 

A mechanism in which the fluorocarbanion is never free involves the rapid reversible 
formation of a complex [RyI,!I-] (for which there is some spectroscopic evidence) within 
which iodine exchanges slowly. Transition to the low-lying triplet state can lower activ- 
ation energies in iodine chemistry ® and involve low entropy factors. Free iodine may 
promote exchange in the complex, or exchange rapidly with }!I- and then more slowly 
with fluoroiodide, as with alkyl or aryl iodides by homolysis with ‘ normal” Arrhenius 
parameters ®* (or with acyl iodides with low parameters, via molecular complexes ®). 
However, a variety of organic halides show very slow exchanges with abnormally low 
parameters, as here (e.g., iodobenzene and aqueous ™I-, apparent AH?* 3-7 kcal./mole, 
AS? —80-6 e.u.”), and there may be a general explanation. 


Experimental.—Light, oxidants, and moisture were carefully excluded, since homolysis 
readily occurs with polyhalogeno-compounds * to give the same products in hydrogen-containing 
solvents as does heterolysis. Ethanol was refluxed with sodium, ethyl phthalate, and quinol, 
and fractionated. Sodium "iodide was dried and combined with carrier (dried at 120° for 
48 hr.) to give 0-05—0-Im-solutions in ethanol, which were estimated (Volhard), and diluted 


1 Analogous reactions described by Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” 
Bell, London, 1953, 330; Hine et al., J]. Amer. Chem. Soc., 1958, 80, 824, 3002; 1957, 79, 5493, 5497. 

* Banus, Emeléus, and Haszeldine, J., 1951, 60. 

3 de la Mare, J., 1955, 3196; Swart and le Roux, J., 1956, 2110; 1957, 406. 

* Kristjanson and Winkler, Canad. ]. €hem., 1951, 29, 154. 

* Griffing, J. Chem. Phys., 1955, 28, 1015. 

® Noyes ef al., J]. Amer. Chem. Soc., (a) 1953, '75, 761, 763, 767; 1955, 77, 609; 1956, 78, 5764; 1958, 
80, 2401; (b) 1957, 79, 5370. 

7 Manno and Johnston, J. Amer. Chem. Soc., 1957, 79, 807. 

§ Heberling and McCormack, J]. Amer. Chem. Soc., 1956, 78, 5433; Kharasch, Alsop, and Mayo, 
J. Org. Chem., 1937, 2, 76; Hughes and Peeling, unpublished work. 
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for counting in M.R.C. type liquid 6-counters. Pure heptafluoroiodopropane was shaken with 
mercury and made up to 0-05—0-01m in ethanol; all solutions were kept in the dark under a 
vacuum or dry nitrogen. Mixtures in Pyrex tubes were frozen in liquid nitrogen for Sealing, 
and after exchange, slowly distilled in vacuo at low temperatures without splashing through 
an inverted Y-tube containing (monitored) light glass-wool plugs. Mixtures containing free 
iodine were treated with excess of barium oxide, and then mercury, before distillation. pig. 
ferent glassware was used for solutions of high and of low activity. 

Measured exchanges were 0-1% or less, after 200—500 hr. (with distillate counts of at 
least 100 c./min.) and the back-reaction was negligible: in the equation 


Rel + Nal] === Rp!) + Nal 


(a—x) (b—x) (x) (x) moles/I. 


(for a batch of iodide, the mixture with carrier is taken as uniformly active), a and b are 
known, and +#/b is the ratio of counting rates of distillate and residue (with a factor 2 if the 
reaction involves semi-active iodine). First-order coefficients k, and hk, are x/at or x/b’t sec"), 
and second-order, k,, x/ab’t 1. mole™ sec., where b’ is yb, and y the activity coefficient of the 
sodium iodide in ethanol.* The plot of * against ¢ was roughly linear (for given a, b, and tem- 
perature) with some evidence for autocatalysis (perhaps by liberated iodine) and zero-time 
exchange. Rate coefficients for parallel runs agreed only within a factor of 2-5 or less, but 
were unchanged for tubes packed with Fenske helices; they were doubled and rather less 
reproducible for tubes sealed at room temperature with air in the dead space. 

When a and b were independently varied between 0-08 and 0-008m at 25° the order was 
rather below 0-5 for iodide ion and between 0-5 and 1-0 for fluoroiodide. Rate coefficients 
in the Table, calculated on alternative assumptions as to the order, are the mean from several 
parallelruns. In experiments to test the effect of iodine, of increased surface, or of temperature, 
a = b = 0-04. ! 


Kinetic results. 


AHt 
Ast (kcal. 
(e.u.) mole!) 
CF,l Temp. (°c) — 66 —3l —5 20 60 
101%, (sec.~*) 6-2 16-5 29 130 176 giving —844-7 3:8+149 
C,F,'**1 Temp. (°c) —10* 0 25 25 25 35 45 
Added iodine — — — 0-002m 0:03m — — 
10'°%, (sec.~*) 0-6 10 1:8 83 495 25 2-7 giving —914+ 6 424146 
10%, (1. mole! sec.-!) 0-3 05 O08 100 603 1:0 I-11 giving —85+ 6 36416 
* Less accurate determination. 


The author thanks Professors Sir Christopher Ingold, E. D. Hughes, and P. B. D. de la 
Mare, Mr. C. A. Vernon, and Dr. A. G. Maddock, for advice. 


WILLIAM RAMSAY AND RALPH FoRSTER LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. [Received, August 27th, 1959.) 


® Partington and Simpson, Trans. Faraday Soc., 1930, 26, 625. 
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909. Acid—Base Equilibria in Acetic Acid. Effect of Increasing 
Methylation on the Basicity of Aliphatic Amides. 


By R. J. L. Martin and I. H. REEcE. 


ALTHOUGH the acid-base equilibrium constants have been determined for a number of 
bases in acetic acid }* none has been reported for a series of aliphatic amides successively 
methylated at the carbon atoms adjacent to the carbonyl group or the nitrogen atom. 
The equilibrium constants in the annexed Table, where K = [B][H*ClO,~}/[BH*C1l0,~] for 
the reaction B + H*ClO,- ~= BH*Cl10,~, have been determined spectrophotometrically 
for such a series in acetic acid at 25°. In the calculations it was assumed that the ion pairs 
were weakly dissociated into ions so that the ionic concentrations could be neglected. 


105K 10°K 
Series A (mole 1.-*) Series B (mole 1.~*) 
CR Das in 6 5ii5 <0 0s égcsss opens 22 ergs cies vege tobbansecbis ones 22 
CH COPN EMO ....ccccccccccsesecee 4-3 3), (eer 30 
CHRPGAPEMEEINE  precccccecccccsescces 3-8 ae eT a ee 43 
CHT Soni 553i. ds 3-2 BPO | ie ccteck disse cdtiacese 59 
CH CONE? .ccscsossvenccsserieae 2-5 


It is generally agreed that the ideal way to assess the effect of structural changes on 
acidity is by comparison of the heat changes at absolute zero.#5 This requires a thermo- 
dynamical analysis which is difficult partly because of lack of precise experimental data 
and partly because of the doubtful validity of the extrapolations to absolute zero.4* It 
appears that the free-energy change at a definite temperature which is related to the 
equilibrium constant is more useful than heat change for structure comparisons.** In this 
discussion the effect of structural changes on basicity will be related to the equilibrium 
constant at 25°c.%® This is a reasonable assumption because substituents are some distance 
from the oxygen atom at which protons are added, the solvation shell will be little affected, 
and the entropy changes will be small. The validity of our method appears to be justified 
because the equilibrium constant changes in a regular manner with the inductive or hyper- 
conjugative effect of the alkyl groups. 

In series A, introduction of one N-methyl group produces a large decrease in the 
equilibrium constant. Further methyl groups in the N-methyl group produce a very 
small progressive decrease in the equilibrium constants. 

The carbonyl-oxygen is more basic than the amide-nitrogen atom, so that protons are 
added to the carbonyl oxygen to produce a conjugate acid which is a resonance hybrid.’ 


+ 
la Go GOH Cou 
H,;,C->C + Ht au H,C-Cf#R <-> H;C-C yy 
. — St N, 
ry NH NH 
cH,» CH, CH, 


The inductive effect of the N-methyl group increases the electron accession to the 
carbonyl-oxygen atom and increases its basicity. Successive replacement of the hydrogen 
atoms in the N-methyl group by additional methyl groups will produce small increases ir 


1 Lemaire and Lucas, J. Amer. Chem. Soc., 1951, 78, 5198. 

2 Smith and Elliott, J]. Amer. Chem. Soc., 1953, 75, 3566; Kolthoff and Bruckenstein, ibi” 
78, 1; Bruckenstein and Kolthoff, ibid., pp. 10, 2974. 

3 Martin and Reece, Austral. |. Chem., 1959, 12, 524. 

* Ingold, ‘‘ Mechanism and Structure in Organic Chemistry,” G. Bell and Son, Londs 

5 Everett and Wynne-Jones, Trans. Faraday Soc., 1941, 37, 373. 

6 Dippy and Jenkins, Trans. Faraday Soc., 1941, 37, 366. 

? Pauling, ‘‘ Nature of the Chemical Bond,” Cornell Univ. Press, 1940, p. 2° 
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for counting in M.R.C. type liquid $-counters. Pure heptafluoroiodopropane was shaken with 
mercury and made up to 0-05—0-01M in ethanol; all solutions were kept in the dark under a 
vacuum or dry nitrogen. Mixtures in Pyrex tubes were frozen in liquid nitrogen for sealing, 
and after exchange, slowly distilled im vacuo at low temperatures without splashing through 
an inverted Y-tube containing (monitored) light glass-wool plugs. Mixtures containing free 
iodine were treated with excess of barium oxide, and then mercury, before distillation. Dif. 
ferent glassware was used for solutions of high and of low activity. 

Measured exchanges were 0-1% or less, after 200—500 hr. (with distillate counts of at 
least 100 c./min.) and the back-reaction was negligible: in the equation 


Repl ++ Na!®!| ——& Rp91] + Nal 
(a—x) (b—x) (x) (x) moles/I. 


(for a batch of iodide, the mixture with carrier is taken as uniformly active), a and 6 are 
known, and +#/b is the ratio of counting rates of distillate and residue (with a factor 2 if the 
reaction involves semi-active iodine). First-order coefficients k, and ky are x/at or x/b’t sec, 
and second-order, k,, x/ab’t 1. mole™ sec., where b’ is yb, and y the activity coefficient of the 
sodium iodide in ethanol.® The plot of * against ¢ was roughly linear (for given a, b, and tem- 
perature) with some evidence for autocatalysis (perhaps by liberated iodine) and zero-time 
exchange. Rate coefficients for parallel runs agreed only within a factor of 2-5 or less, but 
were unchanged for tubes packed with Fenske helices; they were doubled and rather less 
reproducible for tubes sealed at room temperature with air in the dead space. 

When a and b were independently varied between 0-08 and 0-008m at 25° the order was 
rather below 0-5 for iodide ion and between 0-5 and 1-0 for fluoroiodide. Rate coefficients 
in the Table, calculated on alternative assumptions as to the order, are the mean from several 
parallelruns. In experiments to test the effect of iodine, of increased surface, or of temperature, 
a = b = 0-04. ' 


Kinetic results. 


AHt 
Ast (kcal. 
(e.u.) mole) 
CF,l Temp. (°c) — 66 —3l —5 20 60 
10!°%, (sec.~*) 6-2 16-5 29 130 176 giving —844 7 3-8+4149 
C,F,™1 Temp. (°c) —10* 0 2 25 2 35 45 
Added iodine — — — 0-002m0:03m —- — 
10°, (sec.~1) 06 +410 18 83 495 25 2-7 giving —91+4+ 6 424146 
108%, (1. mole sec.) 03 08 O8 100 603 1:0 41-1 giving —85+4 6 364146 


* Less accurate determination. 


The author thanks Professors Sir Christopher Ingold, E. D. Hughes, and P. B. D. de la 
Mare, Mr. C. A. Vernon, and Dr. A. G. Maddock, for advice. 


WILLIAM RAMSAY AND RALPH ForstTER LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. [Received, August 27th, 1959.) 


* Partington and Simpson, Trans. Faraday Soc., 1930, 26, 625. 
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909. Acid—Base Equilibria in Acetic Acid. Effect of Increasing 
Methylation on the Basicity of Aliphatic Amides. 


By R. J. L. Martin and I. H. REEcE. 


ALTHOUGH the acid-base equilibrium constants have been determined for a number of 
bases in acetic acid }* none has been reported for a series of aliphatic amides successively 
methylated at the carbon atoms adjacent to the carbonyl group or the nitrogen atom. 
The equilibrium constants in the annexed Table, where K = [B][H*ClO,~]/[BH*C10,~] for 
the reaction B + H*ClO,- ~= BH*ClO,~, have been determined spectrophotometrically 
for such a series in acetic acid at 25°. In the calculations it was assumed that the ion pairs 
were weakly dissociated into ions so that the ionic concentrations could be neglected. 


105K 10°K 
Series A (mole 1.-*) Series B (mole 1.~*) 
CRA ADA a, in 530tis di <5 acing ossenes 22 Mea: sci ices wthepeesincasys 22 
CEASA PTAEEBO . seo cnnccezecsesstenes 4:3 PSA TET Ee... benvocvesearepinerpsatan 30 
CR MAP TOREMES © cecccccssccccescesece 3-8 2 Bere i. 43 
CRRA MEE eidebii isi cowuiices 3-2 BOP OUTING! hoo cilewk 05536. sds neteede 59 
CH GONBS® ..6cc0ccsecescssooses 2-5 


It is generally agreed that the ideal way to assess the effect of structural changes on 
acidity is by comparison of the heat changes at absolute zero.45 This requires a thermo- 
dynamical analysis which is difficult partly because of lack of precise experimental data 
and partly because of the doubtful validity of the extrapolations to absolute zero.** It 
appears that the free-energy change at a definite temperature which is related to the 
equilibrium constant is more useful than heat change for structure comparisons.**® In this 
discussion the effect of structural changes on basicity will be related to the equilibrium 
constant at 25°c.*® This isa reasonable assumption because substituents are some distance 
from the oxygen atom at which protons are added, the solvation shell will be little affected, 
and the entropy changes will be small. The validity of our method appears to be justified 
because the equilibrium constant changes in a regular manner with the inductive or hyper- 
conjugative effect of the alkyl groups. 

In series A, introduction of one N-methyl group produces a large decrease in the 
equilibrium constant. Further methyl groups in the N-methyl group produce a very 
small progressive decrease in the equilibrium constants. 

The carbonyl-oxygen is more basic than the amide-nitrogen atom, so that protons are 
added to the carbonyl oxygen to produce a conjugate acid which is a resonance hybrid.’ 


+. 

at Go GOH Cou 
H,;C>C + H* == HFC-CQR < 6HAC-C, 
. qa St Vv 

WH NH NH 

cH, CH, CH, 


The inductive effect of the N-methyl group increases the electron accession to the 
carbonyl-oxygen atom and increases its basicity. Successive replacement of the hydrogen 
atoms in the N-methyl group by additional methyl groups will produce small increases in 


1 Lemaire and Lucas, J. Amer. Chem. Soc., 1951, 78, 5198. 
2 Smith and Elliott, J. Amer. Chem. Soc., 1953, 75, 3566; WKolthoff and Bruckenstein, ibid., 1956, 
, 1; Bruckenstein and Kolthoff,’ ibid., pp. 10, 2974. 
3 Martin and Reece, Austral. ]. Chem., 1959, 12, 524. 
* Ingold, ‘‘ Mechanism and Structure in Organic Chemistry,”’ G. Bell and Son, London, 1953, p. 727. 
> Everett and Wynne-Jones, Trans. Faraday Soc., 1941, 37, 373. 
6 Dippy and Jenkins, Trans. Faraday Soc., 1941, 37, 366. 
7 Pauling, ‘‘ Nature of the Chemical Bond,’’ Cornell Univ. Press, 1940, p. 207. 
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the inductive effect because this cannot be relayed with any intensity through a saturated 
carbon atom. Mesomeric effects do not operate in this case because the N-alkyl groups 
cannot hyperconjugate with the carbonyl group so as to increase the polarisation of the 
molecule and facilitate the addition of a proton. This is supported by the experimental 
evidence for which there is no simple relation between the equilibrium constant and the 
number of hydrogen atoms available at the N-carbon atom. However the N-alkyl groups 
can hyperconjugate with the charged centres in the conjugate acid and contribute towards 
its stability. The net result is that N-alkyl groups increase the basicity by means of a 
predominating inductive effect. 

In series B, successive methylation produces a regular increase in the equilibrium 
constants, by combined operation of the inductive and the mesomeric effects. With 
increasing methylation there is a very small increase in the inductive effect which increases 
the basicity of the amide. However, increasing methylation regularly decreases the 
number of hydrogen atoms capable of hyperconjugating with the carbonyl group, thus 
reducing the basicity of the amide. Of the two effects the mesomeric is the larger, and 
increasing methylation decreases the basicity. 

In acetic acid, salts exist in solution as weakly dissociated ion pairs ® and it is impossible 
for the solution to maintain a high concentration of ions. In certain circumstances it 
should be possible for the structure of the base to hinder ion-pair formation and affect its 
basicity. Although the perchlorate ion is large, Catalin models indicate that there is no 
steric inhibition of ion-pair formation. 


Experimental.—Acetic acid was purified, and the stock solution of perchloric acid was 
prepared, as previously described.® 

Purification and preparation of the stock solution of acetamide has been described else- 
where.® 

N-Methyl-, b. p. 141-5—141-8°/98-3 mm., and N-ethyl-acetamide, b. p. 144-0—144-2°/96-4 
mm., were prepared from the corresponding alkylamine hydrochloride and acetamide !° and 
were purified by distillation. 

N-Isopropyl-, b. p. 142-2°/98-0 mm., and N-t-butyl-acetamide were prepared from the corre- 
sponding amines, acetic acid, and acetic anhydride." N-t-Butylacetamide, crystallised from 
light petroleum (b. p. 70—80°), had m. p. 98-0—99-0°. 

Propionamide, m. p. 79-8—80-5°, was a commercial sample, crystallised from benzene and 
then from chloroform. 

Isobutyramide, prepared by distillation of ammonium isobutyrate !* and crystallised from 
chloroform, had m. p. 128-0—128-5°. 

Pivalamide, prepared from pivaloyl chloride #* and ammonia, and crystallised from chloro- 
form and then from ethyl acetate, had m. p. 153-7—154-3°. 

Methods. NN-Diethyl-2,4-dinitroaniline was used as the indicator.4% Spectra were 
recorded at 25° with a Cary spectrophotometer model 12. Concentrations used were: HCIO,, 
0-0010—0-0075mM; amide, 0-0022—0-032m; indicator 10™m. 

Results. At 25° NN-diethyl-2,4-dinitroaniline had an extinction coefficient of 16,300 at 
373 my and an indicator constant of 5-46 x 10° (Lemaire and Lucas?! report 15,700 and 
6-55 x 10° respectively). 


SCHOOL OF CHEMISTRY, THE UNIVERSITY OF NEW SOUTH WALES, 
BROADWAY, SYDNEY, N.S.W., AUSTRALIA. (Received, March 7th, 1960.] 


* Harned and Owen, “ Physical Chemistry of Electrolytic Solutions,” Reinhold Publ. Corp., New 
York, 3rd edn., 1958, Chapter 7. 

* Martin, Austral. J. Chem., 1957, 10, 268. 

1 Galat and Elion, J. Amer. Chem. Soc., 1943, 65, 1566, 

™ Heyns and Bebenburg, Chem. Ber., 1953, 86, 278. 

12 Mitchell and Reid, J. Amer. Chem. Soc., 1931, 58, 1881. 

18 Org. Synth. Coll. Vol. III, p. 490. 
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910. Substituted Tryptamines and Their Derivatives. 
By Zvi PELCHOWIcz and Ernst D. BERGMANN. 


THE method applied recently! to the preparation of 5-fluorotryptamine has now been 
used for the synthesis of the known 5- and 7-methyl analogues *3 and of 4-fluoro-7-methyl- 
tryptamine (II). A 4-substituted derivative appeared of interest in view of the biological 
activity of the 4-hydroxytryptamine derivatives psilocin and psilocybin. Therefore the 
diazonium salt from 5-fluoro-2-methylaniline was condensed with ethyl 2-oxopiperidine-3- 
carboxylate, to give in two steps the carboline (I), whence hydrolysis and decarboxylation 
afforded the desired tryptamine derivative (II). 


F F 
OYr—<—™ AN— H.-H UNH. cm™~ ; —~* re a 
. ., © , q ‘p. = ro- 2.4 - 
‘ol. 60, e 4699, line 10. For 6-fluoro-1,2,3,4-tetrahydroharma ine vea ; uo 32. 
= Parnas Manned and for 6-fluoro-3,4-dihydroharmaline (IV) vead 6-fluoroharmalan. 
7 —- : ™~ w~ 
nA fe} me rr i y Me 
(I) (11) (III) (IV) 


The final objective of these studies was the synthesis of methyl- and/or fluorine- 
substitution products of the indole alkaloids. In view of the recent description of 10- 
fluorodeserpidine,> the preparation of 6-fluoro-1,2,3,4-tetrahydroharmaline (III) and 
6-fluoro-3,4-dihydroharmaline (IV) by classical methods 7 is recorded below. 


Experimental.—3-o-Tolylhydrazone of 2,3-dioxopiperidine. o-Toluidine (21-3 g.) in 36% 
hydrochloric acid (54 ml.) and water (236 ml.) was diazotised at > 5° with sodium nitrite (15 g.). 
Any excess of nitrous acid was destroyed by addition of urea, and the solution brought at 0° to 
pH 5—6 by addition of 10% sodium carbonate solution (160 ml.). The solution (filtered, if 
necessary) was added with stirring to an ice-cold solution of ethyl 2-oxopiperidine-3-carboxylate 
(34 g.) in water (400 ml.) containing potassium hydroxide (12 g.), which had been kept at room 
temperature for 24 hr. before use. When the reaction was complete (5 min. of additional 
stirring), the solution was brought to pH 3—4 by acetic acid and kept at 0° for 48 hr. The 
product (35 g., 81%) was filtered off, washed with water, and dried; the yellow-reddish 
hydrazone so obtained was used directly in the next step; it crystallised from aqueous alcohol as 
yellowish crystals, m. p. 140—140-5° (Found: C, 66-4; H, 7-0; N, 19-4. C,,H,,N,O requires 
C, 66-3; H, 7-0; N, 19-3%). 

The 3-p-tolylhydvazone of 2,3-dioxopiperidine, obtained analogously in 81% yield, crystallised 
from alcohol in elongated yellow crystals, m. p. 209—209-5° (Found: C, 66-3; H, 6-9; N, 
19-1%). 

1,2,3,4-Tetrahydro-8-methyl-1-oxo-8-carboline. The former hydrazone (crude; 45 g.) in acetic 
acid (200 ml.) and concentrated hydrochloric acid (100 ml.) was refluxed for 1 hr., cooled, 
and diluted with water. The precipitated carboline (28-8 g., 72%), recrystallised from aqueous 
alcohol, had m. p. 228-5—-229° (Found: C, 72-0; H, 6-3. C,,H,,N,O requires C, 72-0; H, 6-0%). 

1,2,3,4-Tetrahydro-6-methyl-1-oxo-8-carboline, obtained analogously in 83% yield, had m. p. 
187-5—188-5° (from aqueous alcohol) (Found: C, 71-9; H, 5-9%). 

7-Methyltryptamine-2-carboxylic acid. A solution of the 8-methylcarboline (28 g.) in ethyl 


1 Pelchowicz and Bergmann, J., 1959, 847; cf. Protiva, Adlerova, Vejdélek, Novak, Rajsner, and 
Ernest, Naturwiss., 1959, 46, 263. 

2 Eiter and Nezval, Monatsh., 1950, 81, 404. 

3% Gaddum, Hameed, Hathway, and Stephens, Quart. J]. Expt. Physiol., 1955, 40, 49. 

4 Hofmann, Heim, Brack,Kobel, Frey, Ott, Petrzilka, and Troxler, Helv. Chim. Acta, 1959, 42, 
1557; Hofmann, Heim, Brack, and Kobel, Experientia, 1958, 14, 107; Hofmann and Troxler, 
Experientia, 1959, 15, 101. 

5 Novak and Protiva, Naturwiss., 1959, 46, 579. 

* Akabori and Saito, Ber., 1930, 68, 2245. 

7 Spath and Lederer, Ber., 1930, 63, 120. 
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alcohol (260 ml.) and 4N-aqueous potassium hydroxide (260 ml.) was refluxed for 1 hr., con- 
centrated to half its volume, diluted with water (250 ml.), shaken with charcoal (2 g.), filtered, 
and neutralised with acetic acid. The precipitate was redissolved in aqueous sodium hydroxide 
(charcoal), filtered, and reprecipitated with acetic acid. The product (24-1 g., 79%), m. p. 278— 
281° (decomp.), was filtered off, washed with water and acetone, and dried (Found: C, 66-2; 
H, 6-4; N, 12-8%).. 

5-Methyliryptamine-2-carboxylic acid, obtained in 83% yield, decomposed at 267—267-5° 
(Found: C, 65-9; H, 6-7; N, 12-7%). 

7-Methyliryptamine. The 7-methyl-acid (10-5 g.) was heated with 5% hydrochloric acid 
(400 ml.) until the evolution of carbon dioxide had ceased. Neutralisation with sodium 
hydroxide solution precipitated part of the amine; the rest was isolated by extraction with 
ether, drying (NaOH), and evaporation. The product (7-2 g., 83%) was best purified by 
sublimation, forming needles, m. p. 130—131° (lit., 122—-123°,? 120—122° 8) (Found: C, 75-7; 
H, 7:9; N, 16-1. Calc. for C,,H,,N,: C, 75-9; H, 8-1; N, 16-0%). 

5-Methyliryptamine. Decarboxylation was carried out as in the preceding example. All 
the product (76%) was isolated by extraction with ether and distilled im vacuo. Recrystallised 
from ether-light petroleum, it had m. p. 99—99-5° (lit.,? 983—95°) (Found: C, 75-8; H, 8-2; N, 
16-0%). 

3-(5-Fluoro-2-methylphenylhydvazono)-2-oxopiperidine. ‘To ethyl 2-oxopiperidine-3-carboxy- 
late (47 g.) in water (500 ml.), potassium hydroxide (16-5 g.) was added, followed after 
12 hr. by a solution prepared from 5-fluoro-2-methylaniline hydrochloride * (44-5 g.), water 
(350 ml.), 30% hydrochloric acid (50 ml.), and sodium nitrite (21 g.) at 0°. The mixture was 
neutralised with 10% sodium carbonate solution (230 ml.), brought to pH 3—4 by acetic acid, 
and stirred for 5 hr. at 5°. The precipitated product (47 g., 72%), when recrystallised from 
ethanol and sublimed had m. p. 183-5—184-5° (38 g., 58%) (Found: C, 61-2; H, 6-1; N, 17-6; 
F, 8-0. C,,H,,FN,O requires C, 61-3; H, 6-0; N, 17-9; F, 8-1%). 

5-Fluoro-1,2,3,4-tetrahydro-8-methyl-2-oxo0-8-carboline (I). A mixture of the foregoing com- 
pound (28 g.), acetic acid (180 ml.) and concentrated hydrochloric acid (90 ml.) was refluxed for 
3 hr., and then cooled. The crystals were filtered off, and a second crap obtained by dilution of 
the mother-liquor with water. The product (17 g., 73%) recrystallised from aqueous alcohol as 
plates, m. p. 204-5—205° (with sublimation) (Found: C, 66-0; H, 5-0; N, 12-8; F, 8-7. 
C,,H,,FN,O requires C, 66-1; H, 5-0; N, 12-8; F, 8-7%). 

4-Fluoro-7-methyltryptamine-2-carboxylic acid (II). The compound (1) (15 g.) and potassium 
hydroxide (40 g.) were refluxed in alcohol (150 ml.) and water (150 ml.) for 20 min., and concen- 
trated to half-volume. Water (150 ml.) was added and the solution treated with charcoal, 
filtered, cooled, and acidified with acetic acid. The acid (13 g., 80%) formed needles, m. p. 
273° (decomp.), from water (Found: C, 61-2; H, 5-9; N, 11-8; F, 7-9. C,,H,,FN,O, requires 
C, 61-0; H, 5-6; N, 11-8; F, 8-0%). 

4-Fluoro-7-methyliryptamine. The acid (II) (11 g.) was refluxed in 7% hydrochloric acid 
(250 ml.) until evolution of carbon dioxide ceased (12 hr.); the solution was decolorised with 
charcoal, filtered, made alkaline, and extracted with ether. This extract afforded the trypt- 
amine (7 g., 79%) which had m. p. 141—142° after sublimation (Found: C, 68-5; H, 6-7; N, 
14-5; F, 10-0. C,,H,,FN, requires C, 68-7; H, 6-7; N, 14-6; F, 9-9%). 

6-Fluoro-1,2,3,4-tetrahydroharmaline (III). 10% aqueous acetaldehyde (100 ml.) and 5- 
fluorotryptamine (5 g.) were heated in 2N-sulphuric acid (16 ml.) and water (100 ml.) at 110° for 
20 min.; the product was cooled and made alkaline with sodium carbonate solution. The 
crystals so obtained were dissolved in dilute sulphuric acid, and the solution treated with charcoal, 
filtered, and made alkaline again. The product (4-9 g., 80%), best purified by sublimation, 
melted at 201—202° (Found: C, 70-3; H, 6-2; N, 13-7; F, 9-1. C,,H,,FN, requires C, 70-6; 
H, 6-4; N, 13-7; F, 9-3%). It is almost non-toxic to white mice (LD5. 600 mg./kg.). 

N*-Acetyl-5-fluorotryptamine. 5-Fluorotryptamine hydrochloride (5-74 g.), sodium hydrogen 
carbonate (1 g.), and acetic anhydride (25 ml.) were refluxed for 15 min., then poured into water 
(200 ml.); the mixture was made alkaline with sodium carbonate. Ether extracted the acetyl 
derivative which, recrystallised from ether-light petroleum (b. p. 60—80°), had m. p. 127-5— 
128° (5-5 g.) (Found: C, 65-8; H, 5-8; F, 91; N, 12-7. C,,H,,FN,O requires C, 65-5; H, 5-9; 
F, 8-7; N, 12:7%). 


* Steck and Fletcher, J]. Amer. Chem. Soc., 1948, 70, 439. 
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6-Fluoro-3,4-dihydroharmaline (IV). Toa solution of the preceding acetyl derivative (5 g.) in 
hot xylene (200 ml.), phosphorus pentoxide (50 g.) was added in small portions and the mixture 
was refluxed for 2 hr. The solid product was filtered off, washed with ether, and added in small 
portions to 5% hydrochloric acid (500 ml.). The solution obtained was heated at 80°, filtered, 
cooled, made strongly alkaline, and extracted three times with ether (100 ml.). This extract 
yielded the product, which after sublimation recrystallised from aqueous alcohol as slightly 
yellow needles, m. p. 206—207° (3-5 g., 75%) (Found: C, 70-8; H, 5:3; F, 10-1; N, 14-2. 
C,.H,, FN, requires C, 71-3; H, 5-4; F, 9-4; N, 13-9%). 


ISRAEL INSTITUTE FOR BIOLOGICAL RESEARCH, NESS-LIONAH, 
DEPARTMENT OF ORGANIC CHEMISTRY, 
HEBREW UNIVERSITY, JERUSALEM. [Received, April 8th, 1960.} 





911. Interaction between Boron Trichloride and Alkoxysilanes. 
By M. J. Frazer, W. GERRARD, and J. A. STRICKSON. 


EVIDENCE is accumulating that the mode of fission of the Si-O-C linkage in alkoxy-silicon 
compounds caused by interaction with certain inorganic non-metal halides depends upon 
the groups attached to silicon and those attached to carbon. Thus tetra-alkoxy- and 
alkoxychloro-silanes with thionyl chloride ! and boron tribromide,? and alkoxytrimethyl- 
silanes with boron tribromide,’ silicon tetrachloride, thionyl chloride,‘ phosphorus 
trichloride,> phosphorus oxychloride (when R = Bu®, Bu', and Bu’),5 or phosphorus 
oxybromide 5 undergo mutual replacement of alkoxyl and halogen. On the other hand, 
1-phenylethoxytrimethylsilane (SiMe,-O-CHPh:CH,) or diphenylmethoxytrimethylsilane 
(SiMe,-O-CHPh,), in which the alkoxyalkyl group is very reactive, and phosphorus oxy- 
chloride gave alkyl chloride and trimethylsilyl phosphorodichloridate (SiMe,°O-POCI,), by 
fission of the alkyl-oxygen bond.5 

It has been shown ® that boron trichloride and n-butoxysilanes undergo stepwise 
replacement of alkoxyl by chlorine, with a noticeable fall in rate for each successive step. 
Tributoxychlorosilane and butyl dichloroborinate were obtained at room temperature 
from a mixture of the tetra-ester and boron trichloride: 


(Bu"O),Si + BCI; ——B (Bu"O),SiC! + Bu"O-BCl, 


whereas 80% of the trichlorosilane could be recovered after being heated with boron 
trichloride at 50° for 3 hr., although there was some evidence for the formation of 
silicon tetrachloride. 

With tetra-s-butoxysilane and tetra-l1-phenylethoxysilane it was obvious that another 
mode of fission was occurring but, owing to the complexity of the overall reaction sequences, 
a clear indication of this mode came only from the extreme example of s-butoxytrichloro- 
silane which gave the novel tristrichlorosilyl borate: 


Cl,Si-OBu* + BC], —B (CI,Si-O),B + ButCl 





1 Currell, Frazer, Gerrard, Haine, and Leader, J. Inorg. Nuclear Chem., 1959, 12, 45. 
® Wiberg and Kruerke, Z. Naturforsch., 1953, 8b, 608. 

3 Gerrard and Kilburn, J., 1956, 1536. 

* Currell, Frazer, and Gerrard, J., 1960, 2776; Gerrard and Tolcher, J., 1954, 734. 
5 Fertig, Gerrard, and Herbst, /., 1957, 1488. 

® Gerrard and Strickson, Chem, and Ind., 1958, 860, 
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Isopropoxytrichlorosilane gave a similar result. That s-butoxytrimethylsilane underwent 
the usual mutual replacement but, on the other hand, s-butoxychlorodimethylsilane gave 
trischlorodimethylsilyl borates show that a second factor favouring alkyl-oxygen fission is 
the electronegativity of the silicon atom. Electron-attracting groups attached to silicon 
weaken the carbon-oxygen bond (R-O-Si-). 


Experimental.—Tetra-alkoxysilanes. Tetraisobutoxysilane (15-00 g., 1 mol.) and boron 
trichloride (1 mol.), mixed at —80° and warmed to 20°, gave on distillation five 
fractions (15-15 g.), b. p. <60°/0-5 mm., containing boron and chlorine, and finally tri- 
isobutoxychlorosilane (39:0%), b. p. 81—83°/0-3 mm. (Found: Cl, 12-4; Si, 10-1. Cale. 
for C,,H,,ClO,Si: Cl, 12-6; Si, 99%). Similarly, tetra-n-propoxysilane gave several 
fractions, b. p. 56—88°/15 mm., containing boron, chlorine, and silicon, and finally tri-n- 
propoxychlorosilane, b. p. 92°/15 mm. (Found: Cl, 14-8; Si, 12-2. Calc. for CygH,,ClO,Si: 
Cl, 14-8; Si, 11-7%). 

Tetra-s-butoxysilane (21-70 g., 1 mol.) and boron trichloride (1 mol.) were mixed at —80°. 
At room temperature hydrogen chloride (0-8 g.) and butene (4-80 g.) (characterised by treatment 
with bromine) were evolved. Distillation gave several fractions including s-butyl chloride 
(3-70 g.), b. p. 62°, 2, 1-3949, and s-butyl borate (1-40 g.), b. p. 114°/40 mm., m,*° 1-3962 
(Found: B, 4-7. Calc. for C,,H,,BO,: B,4-:7%). There was a non-volatile brown solid residue 
(8-40 g.) (Found: B, 6-7; Cl, 2-7; Si, 22-6%). 

Tetra-l-phenylethoxysilane (8-00 g., 3-0 mol.) and boron trichloride (3-5 mol.), mixed at 
— 80°, gave on warming to room temperature a brown solid from which was distilled 1-chloro-1- 
phenylethane (5-50 g., 63%) (Found: Cl, 24-5. Calc. for C,H,Cl: Cl, 25-3%) [redistilled, it 
(4-00 g.) had b. p. 26°/0-05 mm. (Found: Cl, 24-9%)], leaving a black solid (2-35 g.) which was 
fused at 900° (1-80 g.) (Found: B, 8-3; Si, 23-2%). 

Trialkoxychlorosilanes. Tri-n-butoxychlorosilane (30-20 g., 1: mol.) and boron trichloride 
(1 mol.) gave n-butyl dichloroborinate (12-35 g., 75%), b. p. 42°/12 mm. (Found: B, 6-6; 
Cl, 44-5. Calc. for C,H,BCI,O: B, 7:0; Cl, 45-9%), and di-n-btttoxydichlorosilane (21-5 g., 
84%). Similarly tri-isobutoxychlorosilane gave the dichloroborinate (86%) and the dichloro- 
silane (84%), b. p. 28°/0-1 mm. (Found: Cl, 28-2; Si, 11-2. Calc. for C,H,,Cl,0,Si: Cl, 29-0; 
Si, 11-4%). 

Dialkoxydichlorosilanes. A mixture of boron trichloride (1 mol.) and di-n-butoxydichloro- 
silane (26-80 g., 1 mol.) was heated at 140° under a — 80° reflux condenser for 6hr. Distillation 
gave n-butoxytrichlorosilane (14-20 g., 62-5%), b. p. 40°/15 mm. (Found: Cl, 50-5; Si, 13-2. 
Calc. for CgH,Cl,OSi: Cl, 51-3; Si, 13-3%). Di-n-propoxydichlorosilane (1 mol.) and boron 
trichloride (1 mol.), heated at 150° for 2 hr., gave several fractions including n-propoxytri- 
chlorosilane (31-0%), b. p. 64—66°/100 mm. (Found: Cl, 54-9; Si, 12-3. Calc. for C,H,C1,OSi: 
Cl, 55-0; Si, 14-5%) (confirmed as the trichlorosilane by gas chromatography). 

Alkoxytrichlorosilanes. Isobutoxytrichlorosilane (7-85 g., 1 mol.) and boron trichloride 
(1 mol.) were heated under a —80° reflux condenser for 27 hr. at 120°. Distillation gave 
silicon tetrachloride (5-00 g., 78%), b. p. 48—54° (Found: Cl, 83-1. Calc. for Cl,Si: Cl, 83-5%), 
and higher-boiling fractions containing boron and chloride. Similarly, n-propoxytrichlorosilane 
(15-95 g., 1 mol.) and boron trichloride (1 mol.), heated for 2 hr. at 180°, gave silicon tetra- 
chloride (35%), b. p. 52—54° (Found: Cl, 82-5%), and the unchanged silane (49-9%), b. p. 
110—112° (Found: Cl, 54-8%). 

s-Butoxytrichlorosilane (14-70 g., 2 mol.) and boron trichloride (1 mol.) gave several fractions 
(6-05 g.), b. p. <68°, and tristrichlorosilyl borate (5-40 g., 49-5%), b. p. 124—128°/35 mm., d?° 
1-586 (Found: M, 484; B, 2-4; Cl, 68-9; Si, 17-9%. BC1,O,Si, requires M, 462; B, 2-3; Cl, 69-1; 
Si, 18-2%), a fuming, colourless, viscous liquid, soluble in benzene and violently hydrolysed 
by water. Isopropoxytrichlorosilane (25-95 g., 3 mol.) and boron trichloride (1 mol.) gave 
isopropyl chloride (6-30 g., 58-0°%), b. p. 35°, n,*° 1-3815, and tristrichlorosilyl borate (10-05 g., 
48-5%), b. p. 108—112°/28 mm. [redistilled (5-65 g.), b. p. 98—102°/12 mm. (Found: B, 2-5; 
Cl, 69-0; Si, 16-7%)]. 

Alkoxytrimethylsilanes. Boron trichloride vapour (5-30 g., 1 mol.) was passed into n-butoxy- 
trimethylsilane (3 mol.) which was heated under reflux during the addition. Distillation gave 
chlorotrimethylsilane (9-10 g., 62-0%), b. p. 62—70° (Found: Cl, 31-2. Calc. for C,H,CISi: 
Cl, 32-7%,), and n-butyl borate (9-55 g., 92-0%), b. p. 116°/15 mm. (Found: B, 4:5. Calc. for 
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C,,H,,BO,;: B, 4:7%). Similarly, s-butoxytrimethylsilane (3 mol.) gave impure chlorotri- 
methylsilane (61:2%), b. p. 58—60° (Found: Cl, 30-2%), and s-butyl borate (75-0%), b. p. 
92—96°/26 mm., 7," 1-3983 (Found: B, 4-8%). 

s-Butoxychlorodimethylsilane (19-80 g., 3 mol.) and boron trichloride (1 mol.) gave several 
fractions (13-1 g.), b. p. <72°, and ¢tris(chlorodimethylsilyl) borate (1-85 g.), b. p. 60°/0-1 mm. 
(Found: B, 3-2; Cl, 31-3. C,H,,BC1,0,Si, requires B, 3-2; Cl 31-4%). 


THE NORTHERN POLYTECHNIC, 
HoLttoway Roap, Lonpon, N.7. (Received, May 23rd, 1960.]} 





912. Preparation of Some 2-Arylidene-3,4-dihydro-3-oxobenzo- 
1 ,4-thiazines. 


By V. BALIAH and T. RANGARAJAN. 


o-(NITROPHENYLTHIO) ACETIC ACID has been found to condense with aromatic aldehydes to 
give a-(o-nitrophenylthio)cinnamic acids (I). The conditions were essentially those used 


/COH 
ArS-CHyCO,H + RCHO —>  ArSCA Ar = 0-NO»C.H, 


(I) 
OU OC” 
asbr nO 
H ( 


by Baliah and Varadachari! for condensation of phenylthioacetic acid with aldehydes. 
When salicylaldehyde was used the product was 3-(0-nitrophenylthio)coumarin (II). 

The «-(o-nitrophenylthio)cinnamic acids underwent reduction with zinc dust and acetic 
acid but gave 2-arylidene-3,4-dihydro-3-oxobenzo-1,4-thiazines (ITI). 


(IT) III) 


Experimental.—Condensation of o-nitrophenylthioacetic acid with aldehydes. A mixture of 
(o-nitrophenylthio)acetic acid * (4-26 g.), ammonium acetate (1-5 g.), piperidine (0-5 g.), and 
the aldehyde (0-02 mole) in acetic acid (4 ml.) was refluxed for 20 hr., then cooled and extracted 
with ether (50 ml.). Evaporation of the ether gave a yellow solid that was dissolved in a solution 
of sodium hydrogen carbonate. The solution was filtered and extracted with ether, and the 
aqueous layer was neutralised with 50% sulphuric acid. The precipitated acid was recrystallised 
from ethanol or acetic acid. Details regarding the compounds are given in Table 1. 

3-(0-Nitrophenylthio)coumarin. o-(Nitrophenylthio)acetic acid (4:26 g.), ammonium acetate 
(1-5 g.), salicylaldehyde (2-44 g.), and piperidine (0-5 g.) were refluxed in acetic acid (4 ml.) 
for 4 hr. The solution was cooled and ether (50 ml.) was added. The yellow solid that 
separated was filtered off and washed with water. Recrystallisation from glacial acetic acid 
gave the coumarin as yellow needles (1-2 g., 20%), m. p. 223—-225° (decomp.) (Found: C, 60-3; 
H, 3-0. C,;H,NO,S requires C, 60-2; H, 3-0%). 

Preparation of 2-arylidene-3,4-dihydro-3-oxobenzo-1,4-thiazines. To a boiling solution of 
a-(o-nitrophenylthio)cinnamic acid (0-0015 mole) in acetic acid (15 ml.) zinc dust (2 g.) was 
added in small portions. Then the mixture was filtered hot and diluted with water, and the 


1 Baliah and Varadachari, J. Indian Chem. Soc., 1954, 31, 666. 
2 Claasz, Ber., 1912, 45, 750. 
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oxothiazine that separated on cooling was filtered off. 
of sodium hydrogen carbonate and warmed on a water-bath to remove any unchanged acid. 


TABLE 1. 

Yield 

R (%) 

PD: psestpewerecesness 48 
p-C,HMe ........... 24 
OE F  cccvcices 54 
DEO scccisecess. 62 
3,4-C,H,Cl., ......... 49 
o-C,H,-OMe ....... 50 
p-C,H,OMe _...... 33 
3,4-C,H,(OMe), ... 22 
3,4-CH,0,:C,H, t 25 
o-C,H,NO, ...... 14 
m-C,H,’NO, ...... 30 
$-C,H,°NO, _...... 32 
a-Maphthyl ...... 24 
2-Thienyl ......... 38 

. 


After filtration the residue was recrystallised from a suitable solvent. 


quantitative. 


Wak. wagenaces 


o-C,H,Cl ... 


o-C,H,OMe 


With decomp. 


M. p. 
184—186° 
194—197 
215—217 
212—214 
194—196 
202—204 
198—200 * 
188—190 
232—235 * 
236—239 * 
194— 196 
206—208 


220—225 * 
232—235 * 


Details are in Table 2. 


TABLE 2. 


P-CoHyOMe ®........ccceccceeeees 
3,4-C,H,(OMe), .......cccceeeeeee 


3,4- 
a-Naphthyl 
2-Thienyl * 


* Recrystallised from acetic acid. 


2 a Ne 


M. p. 
200—202° 
232—235 


225—227 


245—247 
245—247 
214—216 
207—208 
232—234 
212—-214 
223—225 
233—235 


Notes. 


Found (°%) 


Cc H 
60-15 3-9 
60-9 4-2 
53-2 3-1 
53-3 3-2 
48-6 2-8 
58-45 4-1 
57-6 4-1 
56-8 4-0 
55-25 3-4 
51-8 3-2 
51-9 2-8 
51-8 2-9 
64-9 3-B5 
50-8 3-3 


Found (%) 


Cc H 
71-45 4-1 
71-6 4:8 
63-0 3-4 
63-0 3-9 
56-1 2-9 
67-8 4-7 
67-7 4-5 
64-9 5-2 
64-7 4-0 
75-4 4:5 
60-6 3-8 


DEPARTMENT OF CHEMISTRY, ANNAMALAI UNIVERSITY, 
ANNAMALAINAGAR, INDIA. 


on 


Substituted «-(o-nitrophenylthio)cinnamic acids (1). 


Formula 
C,,;H,,NO,S 
C,,H,,;NO,S 
C,,H,yCINO,S 
C,,;H,,CINO,S 
C,,H,Cl,NO,S 
C,,H,,;NO,S 
C,,.H,;NO,S 
C,;H,,NO,S 
C,,H,,NO,S 


CysHypN.O,S 


C,,H,,NO,S 
Cj3H NOS, 


Formula 
C,,H,,NOS 
C,,H,,NOS 
C,,H,,CINOS 
C,,;H,,CINOS 
C,,;H,Cl,NOS 
C,,H,,NO,S 
CygH,3NO,S 
C,,H,,NO,S 
CigHy,NO,S 
C,,H,,NOS 
C,,;H,NOS, 


It was suspended in a saturated solution 


Required (% 


Cc H 
59-8 3-7 
60-95 4-2 
53-7 3-0 
53-7 3-0 
48-7 2-45 
58-0 4-0 
58-0 4-0 
56-5 4-2 
55-65 3-2 
52-0 2-9 
64-9 3-7 
50-8 3-0 


t Recrystallised from acetic acid; the others from ethanol. 


The yields were almost 


2-Arylidene-3,4-dihydro-3-oxobenzo-1,4-thiazines (III). 


Required (% 


Cc H 
71-15 4-40 
71-9 4-9 
62-6 3-5 
62-6 3-5 
55-9 2-8 
67-8 4-6 
67-8 4-6 
65-15 4:8 
64-65 3-7 
75:2 4:3 
60-2 3-5 


t Recrystallised from dioxan; the others from ethanol. 


(Received, May 26th, 1960.) 
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913. Purine-8-carboxylic Acid. 
By ADRIEN ALBERT. 


AttHouGH 4,5-diaminopyrimidines usually give pteridines with 2-hydroxycarbonyl 
compounds,’ 8-hydroxymethylpurine (I) was the sole product obtained from 4,5-diamino- 
pyrimidine and glycollic acid or its ethyl ester? The assignment of this constitution 
rested on the non-identity of the substance (as measured by spectra and ionization 
constants) with its isomers, 6-hydroxy-7,8- and 7-hydroxy-5,6-dihydropteridine. This 
constitution has now been confirmed by degradation. The purine (I) was oxidized to 
purine-8-carboxylic acid which rapidly decarboxylated to purine below the melting point, 
or when boiled with water for 5 min. Whereas it is decarboxylated much more readily 
than purine-6-carboxylic acid,’ it is quite stable as the potassium salt. 


N 
a Sn Oo. SN 
HO-CH2-C | Po 4 2 
N N N 


(I) 


xrIz 


(If) 


Purine-8-carboxylic acid differed markedly in spectra and ionization constants from 
the isomeric 6,7-dihydroxypteridine (II) obtained by heating 4,5-diaminopyrimidine and 
oxalic acid.4 


Experimental.—8-Hydroxymethylpurine (0-3 g.) and kieselguhr (0-1 g.; ‘‘ Filter-cel ’’) were 
stirred in 0-1N-potassium hydroxide (20 ml.) at 20° while 0-1M-potassium permanganate (27 ml., 
lequiv.) was added during 20 min. The suspension was filtered at the b. p., and the precipitate 
was extracted with water (4 ml.). The filtrates were adjusted to pH 7 by phosphoric acid, 
concentrated at 100° to 7 ml., refrigerated, and acidified to pH 2 by sulphuric acid, giving 80% 
of colourless purine-8-carboxylic acid, m. p. 210—212° which gave no depression of m. p. with 
purine (m. p. 212—-213°) (paper-chromatography in butanol-acetic acid showed the absence of 
purine before, and its presence after, melting) (Found, for material dried at 20°: C, 43-7; H, 
27; N, 33-8. C,H,N,O, requires C, 43-9; H, 2-5; N, 34:1%). It is soluble in cold 3n(but 
not in N)-hydrochloric acid. Apart from this evidence of a basic pK at about 0, two acidic 
pkK’s were found, by titration, at 2-91 and 9-37 in water at 20°. The monoanion has Amy. 
275 mu. (log « 4-09) at pH 6-5. 


DEPARTMENT OF MEDICAL CHEMISTRY, INSTITUTE OF ADVANCED STUDIES, 
AUSTRALIAN NATIONAL UNIVERSITY, CANBERRA. (Received, June 7th, 1960.) 


1 Forrest and Walker, J., 1949, 2077. 

* Albert, J., 1955, 2690. 

* Mackay and Hitchings, J. Amer. Chem. Soc., 1956, '78, 3511. 
* Albert, Brown, and Cheeseman, /., 1952, 1620. 
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914. The Paper Chromatography of Triphenylmethyl Ethers of 
Carbohydrate Derivatives. 


By D. A. APPLEGARTH and J. G. BUCHANAN. 


TRIPHENYLMETHYL ETHERS are frequently used as intermediates in the synthesis of 
partially substituted sugars,’ and methods for examining reaction mixtures containing 
such compounds would clearly be of value. 

We had noticed that the Hanes—Isherwood phosphate reagent ® gave a transient yellow 
spot on chromatograms containing triphenylmethanol. This reagent contains perchloric 
acid, and we have now found that a perchloric acid spray is a sensitive method for the 
detection of triphenylmethyl ethers. The yellow colour, which appears when the sprayed 
paper is heated to 75°, is certainly due to the formation of the triphenylmethyl cation.? The 
colour fades rapidly in a moist atmosphere, but reappears when the paper is heated. Dilute 
sulphuric or nitric acid behaves in similar fashion, but both are inferior to perchloric acid. 
Triphenylmethyl ethers can also be detected on chromatograms by conventional reagents 
for sugars or sugar alcohols. The sensitivity can often be increased by prior hydrolysis on 
the paper with formic acid. 

The solvent systems developed by Wickberg * for the chromatography of sugar acetates 
have proved useful for triphenylmethyl ethers. Ry, values are variable, but rates of 
movement relative to triphenylmethanol are fairly constant. Some typical values are 
given in the Table. 


Rates of movement of ethers in relation to triphenylmethanol. 


2,3,4-Tri-O-acetyl-1,5-di-O-triphenylmethylribitol ? **..............ccceeeeeeeeeeees 1-7 

Me 3,4-anhydro-6-O-triphenylmethyl-a-D-galactoside ® ..........scsceeceeeeeeeees 0-50 
Me 2,3-anhydro-6-O-triphenylmethyl-a-D-guloside ®  .............cceeceeeeeeeeees 0-31 
nL” - vieduaresbeniesntueguenl theagunabionenispeuscagenens 0-28 
RIE Sev nlsuscetiduceconctussecnsursVivensacssdecccoetoscecencecs 0-00 


The Ry value of triphenylmethanol varied from 0-50 to 0-75. 


Experimental.—Paper chromatography, on Whatman No. 1 paper, was carried out by the 
descending technique. The paper was impregnated by dipping it twice in a 20% v/v solution 
of dimethyl sulphoxide in benzene and drying it at 60° for 90 sec. after each treatment. 
Samples were introduced to the chromatogram as solutions in acetone or chloroform. Irrigation 
was with di-isopropyl ether, without pre-equilibration, in a well-sealed tank. Solvents were 
not specially purified. The dimethyl sulphoxide was removed by heating the paper for 25 min. 
at 75°. 

Detection of the compounds. (a) The triphenylmethyl grouping was detected by spraying the 
paper with aqueous ~n-perchloric acid and heating it at 75° for 5 min. The yellow spots fade 
when the paper is taken from the oven, but can be readily restored by reheating. A good spot 
is given by 10° g. of triphenylmethanol. 

(b) Removal of triphenylmethyl groups. The paper is dipped in ethereal formic acid 
solution (25% v/v of 98% formic acid) and heated at 100° for 10 min. After an hour at room 
temperature, in a forced draught to remove residual formic acid, alkaline silver nitrate ® or 
periodate and Schiff’s reagent * may be used to detect polyols and similar compounds. 


Helferich, Adv. Carbohydrate Chem., 1948, 3, 79. 

Hanes and Isherwood, Nature, 1949, 164, 1107. 

Hammett, “‘ Physical Organic Chemistry,”” McGraw-Hill, New York, 1940, p. 54. 
Wickberg, Acta Chem. Scand., 1958, 12, 615. 

Trevelyan, Proctor, and Harrison, Nature, 1950, 166, 444. 

Baddiley, Buchanan, and Carss, J., 1957, 4138. 

Bien and Ginsburg, J., 1958, 3189. 

Buchanan, J., 1958, 995, 2511. 
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We thank Professor David Ginsburg for reference samples of mono- and di-O-triphenyl- 
methylribitol, Mr. F. E. Hardy for helpful discussions, and Professor J. Baddiley for his interest 
and encouragement. One of us (D. A. A.) thanks the Department of Scientific and Industrial 
Research for a maintenance grant. 


Kinc’s COLLEGE, UNIVERSITY OF DURHAM, 
NEWCASTLE UPON TYNE. (Received, June 13th, 1960.) 


915. The Reaction of Methylmagnesium Iodide with 3¢-Hydroxy- 


5a-cholestan-6-one. 
By M. Davis and G. H. R. SUMMERs. 


Tue reaction of 5a-cholestan-6-one and its 36-substituted derivatives with methyl- 
magnesium iodide has been stated by Fieser and Rigaudy, and later by Shiota,? to afford 
the 68-tertiary alcohol, whereas recently the alternative 6«-orientation was preferred by 
Sneen.2 These assignments were reached by differing interpretations of dehydration and 
molecular-rotation data. 

It has been shown ‘ from optical rotatory dispersion data that methylmagnesium iodide 
and 36-hydroxy-5a-cholestan-6-one (I) give a trans-A/B-product, and this excludes a possi- 
bility suggested by Sneen ? that a chair—boat conformational change occurs in ring B so as to 





minimise the strong 1,3-interaction that would exist between a 6-alkyl group (assigned by 
him to the 8-configuration) and the 10-methyl group. Since also such a change would be 
most unlikely because of the double locking of ring B by rings A and ¢, it is clear that only 
the stereochemistry of the 6-substituents has to be settled to prove the correctness of 
either Fieser and Rigaudy’s ' or Sneen’s * views. 


1 Fieser and Rigaudy, J. Amer. Chem. Soc., 1951, 78, 4660. 

® Shiota, Nippon Kagaku Zasshi, 1954, '75, 1217; 1956, 76, 1272; 1956,'77, 778. Chem. Abs., 1957, 
51, 17969; 1958, 52, 416, 417. 

® Sneen, J]. Amer. Chem. Soc., 1958, 80, 3971, 3977, 3982. 

‘ Davis, Julia, and Summers, Bull. Soc. chim. France, 1960, 742. 
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We find that oxidation of 6-methylcholesteryl acetate (III) with monoperphthalic 
acid gives the known? 38-acetoxy-5,6«-epoxy-68-methyl-5a-cholestane (IV) (73%) ang 
the previously unknown 36-acetoxy-5,68-epoxy-6«-methyl-58-cholestane (V) (14%), 
Reduction of the $-epoxide (V) with lithium aluminium hydride gave 6a-methyl-§,. 
cholestane-38,68-diol (II) identical with diol obtained by treatment of 36-hydroxy-5s. 
cholestan-6-one (I) with methylmagnesium iodide. This result confirms the conclusions 
of Fieser and Rigaudy ! and also shows that the Grignard reaction of a 6-oxo-5a-steroid 
involves least hindered a-attack by the reagent. 


Experimental.—|{a},, are for CHCI, solutions, unless stated otherwise. Light petroleum refers 
to the fraction of b. p. 40—60°. 

38-A cetoxy-6-methylcholestane epoxides. A solution of 6-methylcholesteryl acetate (3 g,) in 
ether (60 ml.) was mixed with a 0-88N-solution of monoperphthalic acid in ether (60 ml.) and 
kept for 5 days at 0°. The solution was washed with 2N-aqueous sodium hydroxide and water, 
dried, and evaporated. Two recrystallisations of the residue from methanol gave 3f-acetoxy. 
5,6a-epoxy-68-methyl-5«-cholestane (2-14 g., 69%), double m. p. 138—140°, 149—150°, (al, 
— 29-5° (c, 1-39) (lit.,2 m. p. 140—141° and 149—149-5°). The mother-liquors were evaporated 
and the residue chromatographed in light petroleum on activated aluminium oxide (20 g.; May 
and Baker Ltd.). Elution with light petroleum and recrystallisation of the product from 
methanol gave 3f-acetoxy-5,68-epoxy-6a-methyl-58-cholestane (0-44 g., 14%), m. p. 95—95-5°, 
[a|,, —2° (c, 0-94) (Found: C, 78-6, 78-25; H, 10-9, 11-1. CgoH59O, requires C, 78-5; H, 11-0%), 
Elution with 1 : 4 ether—light petroleum gave some more a«-epoxide acetate (0-13 g., 4%). 

The @-epoxide acetate was hydrolysed with excess of 4% ethanolic potassium hydroxide for 
2 hr. 5,68-Epoxy-6a-methyl-58-cholestan-38-ol separated from aqueous methanol as needles, 
m. p. 133—135°, [a], +2° (c, 1-28) (Found: C, 80-8; H, 11-5. C,,H,,O, requires C, 80-7; H, 
11:6%). Similar treatment of the «-epoxide acetate gave 5,6a-epoxy-68-methyl-5a-cholestan- 
36-ol, m. p. 168—169°, [a],, —31° (c, 1-76) (lit.,2 m. p. 160—162°), as needles from ether-light 
petroleum. ; 

6a-Methyl-5a-cholestane-68,38-diol. The B-epoxide acetate (100 mg.) in dry ether (10 ml) 
was added to a suspension of lithium aluminium hydride (100 mg.) in dry ether (20 ml.), and the 
mixture was refluxed for 2 hr. The product, isolated in the usual way, recrystallised from 
aqueous ethanol, giving 6«-methyl-5«-cholestane-38,68-diol (32 mg.), m. p. 196—196-5°, [aj, 
+ 21° (c, 0-51 or 1-1 in dioxan) {lit.,+* m. p. 193—194°, 192-5—194°, [a], +20° (in dioxan), 

}+-17-5°}, identical (mixed m. p. and infrared spectrum) with an authentic sample. Evaporation 
of the mother-liquors and crystallisation from ether—light petroleum gave a further 19 mg. of 
material having m. p. 196—198° (total yield, 51 mg., 56%). 


One of us (M. D.) thanks Professor M. Julia and Dr. S. Julia for laboratory facilities and 
advice, Mr. A. F. Ivens for the infrared spectra, and the Directors of May and Baker, Ltd., for 
the award of a Stickings Memorial Fellowship. 


FEcoLte NATIONALE SUPERIEURE DE CHIMIF, 
11 Rue Prerre-Curie, Paris, 5. 
CHEMISTRY DEPARTMENT, UNIVERSITY COLLEGE OF WALES, 
SWANSEA. [Received, June 13th, 1960.) 
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916. A New Synthesis of 6-Hydroxyaspartic Acid. 
By C. S. FRANKLIN. 


}HYDROXYASPARTIC ACID (IV) has been prepared previously by Dakin * in poor yield 
by heating chloromalic acid with ammonia. Recently it has been isolated from pancreatic 
igests of casein ? while its formation in vitro by a transamination between oxaloglycollate 
and glutamate has been established.* 

Catalytic hydrogenation of ethyl «-oxo-$-phenylhydrazonosuccinate® (I) in acid 
lution over palladised charcoal followed by hydrolysis of the resulting amino-ester (II) 
gave a mixture of the diastereoisomeric acids (IV) in excellent yield. The isomers were 
gparated by fractional crystallisation from water." 

The phenylhydrazone was also reduced by zinc in acetic acid and acetic anhydride to 
the ester (III). The formation of this compound is of interest as there appears to be no 
previous example of the reductive acetylation of the carbonyl group in «-phenylhydrazono- 


| 
(I) EtO,C*CO*C(;N*NHPh)*CO,Et —— PhNH, -++ EtO,C*CH(OH)*CH(NH,)*CO,Et (11) 


|2 
Ph*NHAc -+ EtO,gC*CH(OAc)*CH(NHAc)*CO, Et (IID 


3 





Py (IV) HO,C*CH(OH)*CH(NH)CO,H 
Reagents: 1, H,-Pd-C. 2, Zn—AcOH—Ac,O. 3, HCI at 75°. 


ketones although «-keto-acids are easily converted into the corresponding «-hydroxy- 
aids by zinc and acetic acid.® 


Experimental.—B-Hydroxyaspartic acid. (i) By reductive acetylation. A stirred solution 
of the phenylhydrazone (I) (29-3 g., 0-1 mole) in acetic acid (100 ml.) and acetic anhydride 
(0 ml.) was treated with zinc dust (45 g.) in 5 g. portions, the temperature being kept at 35—- 
4° by cooling. After 40 g. of zinc had been added the supernatant liquid became colourless 
ad further addition of the metal produced no rise in temperature. The mixture was then 
heated at 45° for 2 hr., cooled, and filtered, and the residue washed with cold acetic acid (25 ml.). 
The filtrate was evaporated to dryness at 100°/15 mm. and the residual oil (33-5 g.) shaken 
with carbon tetrachloride (50 ml.). A solid separated which was filtered off and identified as 
wetanilide (6-9 g., 51%) (m. p. and mixed m. p.). The filtrate was distilled to afford diethyl 
racetamido-B-acetoxysuccinate (III) (5-5 g., 19%), b. p. 148—160°/0-7 mm. (bath 180—200°) 
Found: C, 49-7; H, 6-6. C,,H,,O,N requires C, 49-8; H, 66%). This ester (5 g., 0-017 mole) 
vas heated at 75° with N-hydrochloric acid (40 ml.) in a sealed tube for 4 days, and the mixture 
then evaporated at 40°/20 mm. The glass-like residue (4-2 g.) was dissolved in absolute ethanol 
ml.) and neutralised to Congo Red by aniline. The resulting gelatinous mass was 
wntrifuged, the supernatant liquid decanted, and the residue washed with absolute ethanol 
3X 10 ml.), then acetone (3 x 10 ml.) and finally dried in vacuo to give a mixture of the 

' Dakin, J. Biol. Chem., 1921, 48, 273. 

* Sallach and Kornguth, Biochim. Biophys. Acta, 1959, 34, 582. 

* Garcia~-Hernandez and Kun, Biochim. Biophys. Acta, 1957, 24, 78. 

*Sallach and Peterson, J. Biol. Chem., 1956, 228, 629. 

* Rabischong, Bull. Soc. chim. France, 1904, $1, 78. 

* Debus, Annalen, 1863, 127, 332. 
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We find that oxidation of 6-methylcholesteryl acetate (III) with monoperphthalic 
acid gives the known? 36-acetoxy-5,6«-epoxy-68-methyl-5a-cholestane (IV) (73%) and 
the previously unknown 36-acetoxy-5,68-epoxy-6a-methyl-58-cholestane (V) (14%). 
Reduction of the f-epoxide (V) with lithium aluminium hydride gave 6a-methyl-5q. 
cholestane-36,68-diol (II) identical with diol obtained by treatment of 36-hydroxy-5z- 
cholestan-6-one (I) with methylmagnesium iodide. This result confirms the conclusions 
of Fieser and Rigaudy ' and also shows that the Grignard reaction of a 6-oxo-5a-steroid 
involves least hindered a-attack by the reagent. 


Experimental.—{a],, are for CHCl, solutions, unless stated otherwise. Light petroleum refers 
to the fraction of b. p. 40—60°. 

38-A cetoxy-6-methylcholestane epoxides. A solution of 6-methylcholesteryl acetate (3 g.) in 
ether (60 ml.) was mixed with a 0-88N-solution of monoperphthalic acid in ether (60 ml.) and 
kept for 5 days at 0°. The solution was washed with 2N-aqueous sodium hydroxide and water, 
dried, and evaporated. Two recrystallisations of the residue from methanol gave 3-acetoxy- 
5,6a-epoxy-68-methyl-5a-cholestane (2-14 g., 69%), double m. p. 138—140°, 149—150°, (ol, 
— 29-5° (c, 1-39) (lit.,2 m. p. 140—141° and 149—149-5°). The mother-liquors were evaporated 
and the residue chromatographed in light petroleum on activated aluminium oxide (20 g.; May 
and Baker Ltd.). Elution with light petroleum and recrystallisation of the product from 
methanol gave 3f-acetoxy-5,68-epoxy-6a-methyl-58-cholestane (0-44 g., 14%), m. p. 95—95-5°, 
{aj,, —2° (c, 0-94) (Found: C, 78-6, 78-25; H, 10-9, 11-1. CggH 0, requires C, 78-5; H, 11-0%), 
Elution with 1: 4 ether—light petroleum gave some more «-epoxide acetate (0-13 g., 4%). 

The @-epoxide acetate was hydrolysed with excess of 4% ethanolic potassium hydroxide for 
2 hr. 5,668-Epoxy-6a-methyl-58-cholestan-38-ol separated from aqueous methanol as needles, 
m. p. 133—135°, [a], +2° (c, 1-28) (Found: C, 80-8; H, 11-5. C,,H,,O, requires C, 80-7; H, 
11-6%). Similar treatment of the «-epoxide acetate gavé 5,6«-epoxy-68-methyl-5«-cholestan- 
38-ol, m. p. 168—169°, [a], —31° (c, 1-76) (lit.,2 m. p. 160—162°), as needles from ether-light 
petroleum. ' 

6a-Methyl-5a-cholestane-68,38-diol. The B-epoxide acetate (100 mg.) in dry ether (10 ml.) 
was added to a suspension of lithium aluminium hydride (100 mg.) in dry ether (20 ml.), and the 
mixture was refluxed for 2 hr. The product, isolated in the usual way, recrystallised from 
aqueous ethanol, giving 6«-methyl-5«-cholestane-36,66-diol (32 mg.), m. p. 196—196-5°, [a], 
+21° (c, 0-51 or 1-1 in dioxan) {lit.,+* m. p. 193—194°, 192-5—194°, [a], +20° (in dioxan), 

|+-17-5°}, identical (mixed m. p. and infrared spectrum) with an authentic sample. Evaporation 
of the mother-liquors and crystallisation from ether—light petroleum gave a further 19 mg. of 
material having m. p. 196—198° (total yield, 51 mg., 56%). 


One of us (M. D.) thanks Professor M. Julia and Dr. S. Julia for laboratory facilities and 
advice, Mr. A. F. Ivens for the infrared spectra, and the Directors of May and Baker, Ltd., for 
the award of a Stickings Memorial Fellowship. 


EcoLte NATIONALE SUPERIEURE DE CHIMIF, 
11 Rue Prerre-Curtr, Paris, 5. 
CHEMISTRY DEPARTMENT, UNIVERSITY COLLEGE OF WALES, 
SWANSEA, [Received, June 13th, 1960.) 
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916. A New Synthesis of -Hydroxyaspartic Acid. 
By C. S. FRANKLIN. 


HYDROXYASPARTIC ACID (IV) has been prepared previously by Dakin* in poor yield 
by heating chloromalic acid with ammonia. Recently it has been isolated from pancreatic 
digests of casein ® while its formation 1m vitro by a transamination between oxaloglycollate 
and glutamate has been established.** 

Catalytic hydrogenation of ethyl «-oxo-$-phenylhydrazonosuccinate® (I) in acid 
solution over palladised charcoal followed by hydrolysis of the resulting amino-ester (II) 
gave a mixture of the diastereoisomeric acids (IV) in excellent yield. The isomers were 
separated by fractional crystallisation from water." 

The phenylhydrazone was also reduced by zinc in acetic acid and acetic anhydride to 
the ester (III). The formation of this compound is of interest as there appears to be no 
previous example of the reductive acetylation of the carbonyl group in «-phenylhydrazono- 


1 
(I) EtO,C*CO*C(;N-NHPh)-CO,Et —— Ph*NH, + EtO,C*CH(OH)*CH(NH,)*CO,Et (IT) 


|2 
Ph*NHAc -+ EtO,C*CH(OAc)*CH(NHAc)*CO,Et (11D 


3 





PV) HO,C*CH(OH)*CH(NH)*CO,H 
Reagents: 1, H»-Pd-C. 2, Zn—AcOH—Ac,O. 3, HCl at 75°. 


ketones although «-keto-acids are easily converted into the corresponding a-hydroxy- 
acids by zinc and acetic acid.® 


Experimental.—B-Hydroxyaspartic acid. (i) By reductive acetylation. A stirred solution 
of the phenylhydrazone (I) (29-3 g., 0-1 mole) in acetic acid (100 ml.) and acetic anhydride 
(50 ml.) was treated with zinc dust (45 g.) in 5 g. portions, the temperature being kept at 35— 
45° by cooling. After 40 g. of zinc had been added the supernatant liquid became colourless 
and further addition of the metal produced no rise in temperature. The mixture was then 
heated at 45° for 2 hr., cooled, and filtered, and the residue washed with cold acetic acid (25 ml.). 
The filtrate was evaporated to dryness at 100°/15 mm. and the residual oil (33-5 g.) shaken 
with carbon tetrachloride (50 ml.). A solid separated which was filtered off and identified as 
acetanilide (6-9 g., 51%) (m. p. and mixed m. p.). The filtrate was distilled to afford diethyl 
w-acetamido-B-acetoxysuccinate (III) (5-5 g., 19%), b. p. 148—160°/0-7 mm. (bath 180—200°) 
(Found: C, 49-7; H, 6-6. C,,H,,O,N requires C, 49-8; H, 66%). This ester (5 g., 0-017 mole) 
was heated at 75° with N-hydrochloric acid (40 ml.) in a sealed tube for 4 days, and the mixture 
then evaporated at 40°/20mm. The glass-like residue (4-2 g.) was dissolved in absolute ethanol 
(0 ml.) and neutralised to Congo Red by aniline. The resulting gelatinous mass was 
centrifuged, the supernatant liquid decanted, and the residue washed with absolute ethanol 
3X 10 ml.), then acetone (3 x 10 ml.) and finally dried in vacuo to give a mixture of the 

' Dakin, J. Biol. Chem., 1921, 48, 273. 

* Sallach and Kornguth, Biochim. Biophys. Acta, 1959, 34, 582. 

* Garcia~-Hernandez and Kun, Biochim. Biophys. Acta, 1957, 24, 78. 

* Sallach and Peterson, J. Biol. Chem., 1956, 228, 629. 

* Rabischong, Bull. Soc. chim. France, 1904, 31, 78. 

* Debus, Annalen, 1863, 127, 332. 
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B-hydroxyaspartic acids (2-1 g., 84%), pK,’ 2-18, 3-31, and 9-04 in water (glass electrode. 
saturated calomel half-cell system at 20°). Chibnall and Cannan,’ using a hydrogen electrode- 
saturated calomel half-cell system at 25°, obtained pK,’ 1-95, 3-47, and 9-03) (Found: C, 32-4: 
H, 49; N, 9-0. Calc. for CJH,NO,: C, 32-2; H, 4-7; N, 94%). Fractional crystallisation of 
the mixture (2-0 g.) from water yielded the erythro- (0-6 g.) and the threo-isomer (0-8 g.) as cubes 
and prisms respectively, the former being the less soluble. 

(ii) By hydrogenation. The phenylhydrazone (I) (11-7 g., 0-04 mole) in absolute ethano| 
(150 ml.) containing 12N-hydrochloric acid (8 ml.) was hydrogenated at room temperature and 
pressure with 10% palladised charcoal (2 g.), 2°85 1. of hydrogen (required 2-69 1. at N.T.P,; 
0-12 mole) being rapidly absorbed. After removal of the catalyst the filtrate was evaporated to 
dryness at 40°/15 mm. and the residue heated at 75° for 10 hr. with N-hydrochloric acid (100 ml.) 
in a sealed tube. The resulting solution was then treated as above and yielded a mixture of 
the isomeric acids (3-5 g., 58%). 


PaRKE, Davis & ComMPpaANyY, STAINES Roap, 
Hounstow, MIDDLESEX. [Received, June 15th, 1960) 

7 Chibnall and Cannan, Biochem. J., 1930, 24, 945. 
Vol. 1960, page 4710, line 5. For erythro- read threo- and for threo- read erythro-. 








917. An Improvement in the Preparation of Benzotrifuroxan; 
Further Examples of Complex-formation by this Reagent. 


By A. S. BAILEY. 


TREATMENT of 1,3,5-trichloro-2,4-dinitrobenzene with sodium azide in boiling ool 
methanol gave a moderate yield of the corresponding tri-azide, this compound decomposing 
in the hot solution. This reaction is markedly affected by the solvent used and occurs 
very smoothly in dimethyl sulphoxide; this solvent has been used previously ? for the 
reaction between alkyl halides and sodium nitrite and may prove to be useful for nucleo- 
philic reactions of this type. This modification gives benzotrifuroxan in 63% yield, 
based on trichlorobenzene. 

Some new complexes between aromatic compounds and benzotrifuroxan are listed 
in the Table. 

Dr. W. D. Phillips * has found a lower association constant (K = 24) for benzotr- 
furoxan and durene than for tetracyanoethylene and durene 5 (K = 54), both in dichloro- 
methane; but, although tetracyanoethylene is an apparently better complexing agent than 
benzotrifuroxan, few solid complexes from it have been described.® 

It was of interest to examine a compound containing features of both tetracyano- 
ethylene and benzotrifuroxan. Therefore dicyanofuroxan has been prepared; ® but it 
appears to have very little complex-forming ability, as it yields only an ill-defined complex 
with pyrene and fails to form one with naphthalene. 


Experimental.—1,3,5-Triazido-2,4-dinitrobenzene. To a solution of 1,3,5-trichloro-2,44- 
nitrobenzene (5 g.) in dimethyl sulphoxide (30 c.c.) (at 38—40°), water (4 c.c.) was added 
dropwise; the solution became cloudy. Very finely powdered sodium azide (4-5 g.) was added 


1 Bailey and Case, Tetrahedron, 1958, 3, 113. 
2 Kornblum and Powers, J. Org. Chem., 1957, 22, 455; Kornblum, Blackwood, and Powers, J. 
Amer. Chem. Soc., 1957, 79, 2507; Kornblum and Weaver, ibid., 1958, 78, 4333. ’ 
* Smith and Winstein, Tetrahedron, 1958, 8, 317; Smiley and Arnold, J. Org. Chem., 1960, 25, 257. 
* Phillips, personal communication. 
5 Merrifield and Phillips, J. Amer. Chem. Soc., 1958, 80, 2778. 
* Cram and Bauer, J. Amer. Chem. Soc., 1959, 81, 5971. 
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4712 Notes. 


during 15 min. and the mixture stirred for 3 hr. at 30—35°. Solid began to separate after 1 hr, 
The mixture was then kept at 0° overnight and next day diluted with water (50c.c.). The product 
that separated was washed with water and dried in vacuo (yield 5-3 g.). 1t (m. p. 100 -105°) 
was suitable for nitration.! 

Complexes. The complexes (see Table) were prepared as previously described,! with 1 : 4 
acetic acid—ethanol as solvent unless otherwise indicated. They were dried in vacuo at room 
temperature. 

Dicyanofuroxan. This compound had m. p. 40—42° (Wieland? reports m. p. 42°) and 
max, 275 mp (ec 4400 in EtOH). 

Solutions of dicyanofuroxan in benzene or mesitylene were colourless. Addition of dicyano- 
furoxan to a solution of naphthalene in hot ethanol gave a colourless solution from which 
naphthalene crystallised on cooling. Dicyanofuroxan (80 mg.) was added to a boiling solution 
of pyrene (100 mg.) in propan-l-ol; when the bright yellow solution was cooled, the hydro- 
carbon separated and so the solution was re-heated, more dicyanofuroxan (60 mg.) was added, 
and the solution allowed to cool slowly; bright yellow plates of the complex separated; when 
washed with ethanol and dried, they (120 mg.) softened at 110° and melted at 120—123° (Found: 
N, 15-6. CygHy9,C,N,O, requires N, 16-6%). 


The author thanks Dr. T. L. Cairns, Dr. W. D. Phillips, and Dr. H. E. Winberg, of E.1, 
Dupont de Nemours and Co., Wilmington, Delaware, for gifts of materials and for their interest. 


Dyson PERRINS LABORATORY, 
Tue UNIVERSITY, OXFORD. [Received, January 20th, 1960.) 


7 Wieland, Annalen, 1925, 444, 30; 1929, 475, 54. 
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918. The Interaction of Decalin and Friedel-Crafts Acetylating 
Agent. Part II 


By G. BADDELEY, B. G. HEATON, and J. W. RAsBURN. 


The primary product of the interaction is shown to be 108-vinyldecalin 
18,1’-oxide (V). Evidence for the ¢vans-configuration of the decalin moiety 
will be presented in Part III. Several novel decalin derivatives are 
described; they include 108-formyl-trans-decal-18-ol (XIII) and the 108- 
acetyl analogue (VI), which is stereospecifically reduced to 108-1’-hydroxy- 
ethyl-tvans-decal-18-ol (VII) by lithium aluminium hydride, the corre- 
sponding 106-hydroxymethyl derivative (XIV), 10-acetyl-l-decalone (XI), 
and 48-hydroxy-tvans-decalin-98-carboxylic acid (XV) and its lactone (X). 

Ozonolysis and peracid oxidation of the vinyl ether (V) are shown to give, 
in addition to the y-lactone (X), the 3-lactones (IX and VIII) of 48-hydroxy- 
trans-decalin-98-glycollic and -98-glyoxylic acid respectively. The latter 
is stereospecifically reduced to the former by potassium borohydride. ‘The 
mechanism of formation of these 8-lactones is tentatively discussed. 


Part I! was concerned with the interaction of decalin and acetyl chloride at 20—35° in 
the presence of an excess of aluminium chloride and showed that it gave a mixture of 
compounds which distilled over a wide range of temperature (115—180°/15 mm.) and 
included 9-acetyl-trans-decalin (I), 10-acetyl-A'-octalin (II), 6-acetyltetralin (III), and 
a solid, CypH  90,, m. p. 107—-108°, which has subsequently been identified ? as 108-acetyl- 
trans-decal-28-ol (IV). Recognising that the excess of aluminium chloride was probably 
responsible for the multiplicity of products, we have now used this reagent in amount 


Ac Ac Ac 
AICI 
; : OH 
H H 
(1) (IT) (IIHT) (IV) 


equivalent, and sometimes less than equivalent, to that of the acid chloride. This 
procedure, together with a reaction temperature of 10° or lower and careful decomposition 
of the reaction mixture by adding it very gradually to a large excess of vigorously stirred 
ice-water, gave mainly an essentially pure compound, b. p. 108—112°/15 mm., which is 
considered to be the primary product of the interaction. It was obtained in 35—40% 
yield and, as shown below, is the 108-vinyldecalin 18,1’-oxide (V). In Part III we shall 
describe how the decalin moiety was shown to have the trans-configuration ; for convenience 
the present formule anticipate this evidence. 

(i) Analysis of the oil, b. p. 108—112°/15 mm., which hereafter will be referred to as 
the vinyl ether (see V), showed it to have the formula C,,.H,,O0. Unlike the acetyloctalin 
(II), with which it is isomeric and into which it is readily converted by the action of 
toluene-p-sulphonic acid,? it did not react with methylmagnesium iodide or lithium 
aluminium hydride; indeed, treatment with the latter reagent followed by distillation 
provided a ready means of separating the vinyl ether from very small amounts of the 
acetyloctalin (II) and 108-acetyl-trans-decal-18-ol (VI) and 108-acetyl-trans-decal-26-ol 
which were shown to be present by infrared analysis. 

(ii) The vinyl ether has strong absorption bands at 1667 and 793 cm. which are typical 


1 Baddeley and Wrench, /., 1959, 1324, is regarded as Part I. 
* Unpublished work. 
7N 
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of vinyl ethers; * e.g., these bands are present also in the spectra of tetrahydro-2-methylene- 
furan (XVI), 1669 and 796 cm.*, 2-ethoxyhex-l-ene (XVII), 1655 and 793 cm.-1, and the 
product (XVIII), 1664 and 792 cm.+, of acid isomerisation of homolupenedione.* 


(iii) Dehydrogenation with sulphur gave naphthalene, thereby demonstrating that 


the skeletal structure of decalin had been preserved. 


CH. Me. 
"e ‘CH-OH 
Decalin = aicy (H*) LAI, 
+ —s Me-CHO+ erin 

2Me-COC! : Heat Cie! 

O; or H H 

Ph-CO,H 
; (V) (VI) (VIT) 


CrO; > 


- its ic pyridine 
Me. ,O 


‘7 
acd db “OO 
CrOsfpyr Se 
1°) OH 





r- 
T- 


(VIII) (IX) (X) (XI) 
LIAIH, 
LiAIH } 
a LIAIH, Alkali 
Gree *OH 5 
H- C- OH ae OH 6c 
HIOs LiAIH, ca 
( [el Tian, 66 
' ‘ 
' H 
H 
(XII) (XIII) (XIV) (XV) 
CHa, 
CH2 he 
C. 
CH;-[CH]~ ~o 
C3H; 
(XVI) (XVII) 





(XVIIT) 


(iv) In accordance with its structure, the vinyl ether was readily hydrolysed by 


mineral acid. Hydrolysis under very mild conditions (see Experimental section) gave a 
single product, C,,H,.0,, m. p. 62°, which, as shown below and in Part III, is 108-acetyl- 
trans-decal-18-ol (VI). (a) It has absorption bands at 1698 cm. (>C=O) and 3460 cm.* 
(-OH), and the latter is narrow, of high intensity, and independent of concentration as is 
required for a compound which has intramolecular hydrogen bonding. (b) Near 100°, or 
at room temperature in the presence of traces of acid, it readily evolved water and gave 


5 Meakins, J., 1953, 4170. 
* Davy, Halsall, and Jones, J., 1951, 2696. 
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the vinyl ether (V). (c) Reduction of the hydroxy-ketone (VI) with lithium aluminium 
hydride gave a single product, C,,H,.O0,, m. p. 87-5° (see VII), which (infrared spectral 
evidence) had free, intramolecularly hydrogen-bonded and intermolecularly hydrogen- 
bonded hydroxyl groups. Apparently, the reduction was stereospecific. (d) Oxidation 
of compound (VI) with chromium trioxide in pyridine gave 10-acetyl-l-decalone (XI) 
which has carbonyl absorption bands at 1695 cm. (acetyl) and 1713 cm. (decalone). 
The diketone was stable towards alkali, and gave «-naphthol when heated with sulphur. 

(v) Ozonolysis of the vinyl ether in ethyl acetate or n-hexane followed by interaction 
with hot water gave carbon dioxide, formic acid, and three crystalline compounds, 
CyyH yg, CygHg03, and C,,H,,03, m. p.s 27°, 120°, and 132° respectively. They have 
been identified as the lactones of 4$-hydroxy-trans-decalin-98-carboxylic, -96-glycollic, 
and -98-glyoxylic acid (7.e., X, IX, and VIII) respectively. The y-lactone (X) was the 
major product. It had a strong absorption band at 1773 cm. which is typical of 
y-lactones and was reduced by lithium aluminium hydride to 108-hydroxymethyl-trans- 
decal-18-ol (XIV) which showed strong intramolecular hydrogen bonding and gave a 
di-p-nitrobenzoate. Alkaline hydrolysis of the lactone (X) gave 4$-hydroxy-trans- 


fe) O*COPh 
os O77 HCH OH 
\ ae ad be7 CO,H 
B H Cc H a 
ss “Cc -T™ ' 
ae H * 
| | 
H H 
(XIX) ae (XX) (XXI) (XXII) 
“ OH ° 
OH HO. UH | H 7 
3c7 yc Sg \ 00 
im ™*\ — > (IX) 
CH | aCH+O2-COPh | 
an ™, 
oO oO <— OH 
| | 
H 
(XXIIT) (XXIV) (XXV) (XXVI) 


decalin-98-carboxylic acid (XV) which showed intramolecular hydrogen bonding, and, 
by melting with decomposition at 167—169°, a remarkable reluctance to lactonise. 
Lithium aluminium hydride did not reduce it; in this respect it resembles trans-decalin-9- 
carboxylic acid, and reduction to the diol (XIV) with this reagent was effected via the 
methyl ester which was obtained by use of diazomethane. Reactions (i)—(v) show the 
primary product of the interaction of decalin and acetyl chloride under Friedel-Crafts 
conditions to be 108-vinyldecalin 18,1’-oxide (V); in Part III the decalin moiety will be 
shown to have the ¢rans-configuration. Here, further discussion is concerned only with 
the secondary products (VIII and IX) of the ozonolysis. 

These two compounds were also obtained by oxidation of the vinyl ether with perbenzoic 
acid; the structures assigned to them are based on the following observations: (a) Both 
reacted with excess of lithium aluminium hydride to give the triol (XII), which gave an 
isopropylidene derivative and was readily oxidised with periodic acid. The product was 
an aldehyde and was reduced (lithium aluminium hydride) to the diol (XIV). It was, 
therefore, 108-formyl-trans-decal-18-ol (XIII). (b) Compound (IX) had an absorption 
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band at 1736 cm. which is typical of 8-lactones, did not dissolve in aqueous sodium 
hydrogen carbonate solution but was readily hydrolysed by alkali; the sodium salt was 
isolated and re-formed the lactone (IX) on addition to dilute mineral acid. (c) Oxidation 
of compound (IX) with chromium trioxide in pyridine gave compound (VIII) from which 
(IX) was regenerated in almost quantitative yield by reduction with potassium boro- 
hydride. The latter reaction proceeds, therefore, stereospecifically and, since the course 
of the reduction is controlled kinetically and since models reveal that the line of approach 
of the reagent to the carbonyl group to be reduced is less hindered when it is over Cq) than 
over Cg) (that over Cy) passes between the axial hydrogen atoms of C;,) and C,,)), there is 
little doubt that the product has the configuration shown in (IX). The configuration 
of the triol (XII) follows from that of compound (IX). 

Should oxidation of the vinyl ether (V) with peracid follow the usual course, the 
resulting epoxide will, from steric considerations, have the configuration shown in (XIX). 
This configuration, together with the geometrical requirements of epoxide rearrangement, 
requires the aldehyde, if formed, to be (XX). Oxidation of the aldehyde to the corre- 
sponding carboxylic acid (XXII), via its addition compound (XXI) with peracid, can be 
expected to be followed by the rearrangements (XXII —» XXVI—» XXV) which 
give only the epimer of (IX). We suggest that the aldehyde in its preferred conformation, 
the carbonyl group being directed away from the decalin moiety as shown in (XX), 
undergoes a ring enlargement which involves migration of Cg) from Ca) to Cg (see 
XX —» XXIII) and that subsequent interaction with peracid, or perhaps, rearrangement 
of the adduct (X XI), gives (XXIV) and therefrom the glycollic acid derivative (IX). The 
application of CH,*“COCI in the Friedel-Crafts reaction, followed by ozonolysis of the 
product, will show whether migration of Cig) from C,,) to C@ is involved in the formation 
of (IX). Our mechanism requires that carbon-14 should not be present in the diol (XIV) 
obtained from the triol (XII) but present, perhaps, in that from the y-lactone (X). 
Ozonolysis, presumably, involves an analogous series of reactions. 


EXPERIMENTAL 

108-Vinyl-trans-decalin 18,1’-Oxide (V).—Acetyl chloride (940 g., 12 moles) was gradually 
added with stirring to a cooled (<25°) mixture of aluminium chloride (1000 g., 7-5 moles) in 
ethylene chloride (2250 ml.). The resulting yellow-brown solution was decanted into a flask 
(5 1.), cooled to <10°, and decalin (technical grade, B.D.H.; 712 g., ca. 5 moles) was gradually 
added during 3 hr. with stirring and cooling to keep the-temperature of the reaction mixture 
below 10°. After a further 2 hr. at 10—15°, the mixture was gradually added to a vigorously 
stirred slurry of crushed ice (12 kg.) and water. The lower layer was separated and, together 
with the ethylene dichloride extracts of the aqueous layer, washed several times with ice-water 
and dried (K,CO,). The clear solution was decanted on to a little fresh potassium carbonate, 
and solvent was removed under reduced pressure. 

Fractional distillation of the residual brown oil gave decalin (203 g.), b. p. 65—70°/10 mm.; 
the required vinyl ether (228 g.), b. p. 105—111°/8 mm.; material, b. p. 111—145°/8 mm. 
(25 g.), b. p. 145—170°/10 mm. (110 g.), b. p. 170—220°/14 mm. (35 g.); and residue (109 g.). 

Purification of the vinyl ether. A mixture of the fraction, b. p. 105—111°/8 mm. (228 g.), 
in sodium-dried ether (250 ml.) and lithium aluminium hydride (5 g.) in ether (150 ml.) was 
refluxed for 30 min.; excess of hydride was destroyed by cautious addition of ethyl acetate 
(20 ml.), and ice-cold dilute sulphuric acid (500 ml.; 0-5N) was gradually added to the cooled 
mixture. The ethereal layer was rapidly separated and, with the ether extracts of the aqueous 
layer, was washed with water and dried (K,CO,). Distillation afforded the pure. vinyl ether 
(196 g.), b. p. 102—103°/6 mm., m,** 1-5045 (Found: C, 80-7; H, 10-2. C,,H,,0 requires 
C, 80-9; H, 10-1%), of camphor-like odour, which, unlike the vinyl ether before purification, 
did not develop a greenish-yellow colour on storage. It showed absorption bands at 1667 and 
792 cm... 

108-A cetyl-trans-decal-18-ol (V1).—A mixture of the vinyl ether (4-5 g.) in ether (30 ml.) 
and dilute sulphuric acid (60 ml.; N) was stirred and gently refluxed for 2-5 hr. The ether 
layer was separated and, with the ether extracts (2 x 30 ml.) of the aqueous layer, was dried 
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(K,CO,) and the ether was removed under reduced pressure. The residue was washed with cold 
light petroleum and gave the required hydroxy-ketone (3-4 g.) which crystallised from light 
petroleum (b. p. 40—60°) in prisms, m. p. 62—63-5° (Found: C, 73-7; H, 10-0. C,,H,,O, 
requires C, 73-5; H, 10-2%). It showed absorption bands at 1698 (>C:O) and 3460 (OH) 
cm. ; the latter was narrow, of high intensity, and independent of concentration, as is required 
for intramolecular hydrogen bonding. When heated at 90°, the hydroxy-ketone evolved water 
vapour which was collected on a cold finger and identified. The residual oil was dissolved in 
light petroleum, dried (K,CO;), and passed down an alumina column. Pure vinyl ether (V) 
(0-5 g.) was the first fraction eluted and was identified by its infrared absorption spectrum. 

108-1’-Hydroxyethyl-trans-decal-18-ol (VII).—Hydroxy-ketone (VI) (1-4 g.) in ether (50 ml.) 
was added dropwise to a vigorously stirred solution of lithium aluminium hydride (1-0 g.) in 
ether (100 ml.) and the mixture was refluxed for a further 45 min. Ethyl acetate (10 ml.) in 
ether (30 ml.) and, subsequently, chilled dilute sulphuric acid (60 ml.; N) were added to the 
cold reaction mixture. The ether layer, with ether extracts of the aqueous layer, was washed 
with sodium hydrogen carbonate solution and dried (K,CO,). Removal of the solvent under 
reduced pressure left the required diol, m. p. 82-5—84-5° (1-1 g.) after it had been washed with 
a small volume of light petroleum, m. p. 86-5—87-5° after recrystallisation (Found: C, 72:8; 
H, 11-0. C,,H,,O, requires C, 72-7; H, 11-1%). In the region of O-H stretching vibrations, 
it gave absorption bands at 3636, 3559, and 3390 cm. which can be assigned to free, intra- 
molecularly hydrogen-bonded, and intermolecularly hydrogen-bonded hydroxyl groups, 
respectively. Evaporation of the light petroleum washings gave a small amount of gum which 
could not be induced to crystallise. : 

The diol (0-5 g.), in dry benzene (25 ml.), was treated with p-nitrobenzoyl chloride (1-5 g.) 
and dry pyridine (5 ml.) for several days at room temperature and was then heated on the 
steam-bath for 2 hr. The mixture was diluted with benzene (40 ml.) and ether (60 ml.) and 
shaken with 2Nn-sulphuric acid (100 ml.). The organic layer was separated, washed with 5% 
sodium carbonate solution and with water, and dried (MgSO,). After removal of solvent, the 
residue, along with some solid which had separated on the first addition of dilute acid, was 
crystallised from ethanol and then from benzene and gave the di-p-nitrobenzoate as needles 
(ca. 0-5 g.), m. p. 215—215-5° (Found: C, 62-8; H, 5-8; N, 5:7. C,,H,,N,O, requires C, 62-9; 
H, 5:7; N, 5:7%). 

Dehydrogenation of the vinyl ether. This was effected by refluxing it (1-75 g.) with sulphur 
(1-3 g.) for 4 hr. A volatile acid was evolved and distillation of the residue with steam gave 
naphthalene (identified by its picrate, m. p. and mixed m. p. 148—149°). 

10-Acetyl-1-decalone (XI).—A solution of 108-acetyl-trans-decal-18-ol (0-96 g.) in pyridine 
(6 ml.) was added dropwise to a cooled slurry of chromium trioxide (1-14 g.) in pyridine (10 ml.). 
After 24 hr. at room temperature, water (20 ml.) was added and excess of oxidising agent was 
destroyed with sulphur dioxide. The mixture was extracted with ether (3 x 30 ml.) and the 
combined extracts were washed with dilute mineral acid and sodium hydrogen carbonate 
solution and dried (K,CO,). Removal of the solvent gave the required diketone, which 
crystallised from light petroleum (b. p. 40—60°) in plates (0-48 g.), m. p. 67—69° (Found: 
C, 74:3; H, 9-3. C,.H,,O, requires C, 74:2; H, 9:3%). It showed carbonyl absorption bands 
at 1695 and 1713 cm.7}. 

Dehydrogenation of 10-Acetyl-1-decalone.—This was effected by refluxing it (0-35 g.) with 
sulphur (0-26 g.) for 3hr. A small quantity of a very pungent liquid distilled from the mixture, 
and the residue afforded «-naphthol, m. p. and mixed m. p. 91—92° after crystallisation from 
light petroleum. 

Ozonolysis of the Vinyl Ether.—This compound (14 g.) in hexane (80 ml.) at 5—10° absorbed 
ozone and deposited an oil." Removal of the solvent under reduced pressure left a green, 
viscous oil which slowly evolved carbon dioxide. This oil was shaken for 5 hr. with water 
(20 ml.) and gave formic acid, identified by conventional methods. The mixture was extracted 
with chloroform and the extract dried (Na,SO,)._ Removal of the solvent followed by fractional 
distillation of the dark red residue gave mainly two fractions: (i) b. p. 146—151°/15 mm. 
(6 g.), m,*** 1-4949, and (ii) b. p.°120—140°/0-15 mm. (2-5 g.). Ozonolysis of the vinyl ether 
(20 g.) in ice-cold ethyl acetate (140 ml.) gave a greenish-yellow solution which was shaken with 
sodium hydroxide solution (5 ml.; 40%), and the solvent was removed at room temperature 
and under reduced pressure. The residual oil was mixed with sodium hydroxide solution 
(30 ml.; N) and heated on the steam-bath for 30 min. The mixture was cooled, acidified with 
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dilute sulphuric acid, and set aside overnight. The oil was extracted with chloroform and dried 
(MgSO,), and the solvent removed. Fractional distillation of the residue gave: (i) b. p. 146— 
151°/15 mm. (10 g.), »,*"* 1-4949, and (ii) b. p. 180—186°/7 mm. (6 g.). 

The Lactone (X) of 48-Hydroxy-trans-decalin-98-carboxylic Acid.—Fractions (i) from the 
ozonolyses solidified at —40° and recrystallised from light petroleum (b. p. 40—60°) in prisms, 
m. p. 25—27° (Found: C, 73-2; H, 9-1. (C,,H,,O, requires C, 73:2; H, 8-9%). It was the 
required lactone (see below for confirmation of structure) and had a strong absorption band at 
1773 cm. (y-lactone). Ozonolysis of the vinyl ether (132 g.) gave this lactone (74 g.). 

Lactones of 48-Hydroxy-trans-decalin-98-glycollic and -9B-glyoxylic Acids (IX and VIII, 
respectively).—Fractions (ii) from the ozonolyses readily solidified and were mixtures of these 
two 8-lactones. Crystallisation of the mixture from light petroleum (b. p. 60—80°) readily 
afforded the lactone of the glycollic acid derivative, the less soluble component, as needles, 
m. p. 118—119° (Found: C, 68-6; H, 8-6. C,,H,,0, requires C, 68-6; H, 8-6%). It showed 
absorption bands (CCI, solution) at 3534 (free OH), 3460 (bonded OH), and 1736 cm. (8-lac- 
tone). It was obtained from the vinyl ether in 17-5% yield. A mixture of this lactone (0-40 g.) 
and sodium hydroxide solution (0-75 ml.; 5N) in ethanol (10 ml.) was heated on the steam-bath 
for 10 min. and, on cooling, deposited the sodium salt of the glycollic acid as cubes (0-30 g.) 
after washing with alcohol and a little water (Found: C, 57-7; H, 7-6; Na, 9-2. C,,H,,O,Na 
requires C, 57-6; H, 7:6; Na, 9-2%). This regenerated the lactone when added to dilute 
mineral acid. After separation of this lactone from the products of the ozonolysis, evaporation 
of the filtrates gave a solid, m. p. 90—105°; it was boiled with N-sodium hydroxide solution 
for a few minutes and undissolved material was separated; acidification of the alkaline solution 
gave a solid which crystallised from aqueous ethanol in plates, m. p. 131—132° (Found: C, 69-1; 
H, 8-0. C,,.H,,0, requires C, 69-2; H, 7-7%). This lactone of 48-hydroxy-tvans-decalin-98- 
glyoxylic acid was reduced by potassium borohydride to the lactone of the corresponding 
glycollic acid (80% of theory), m. p. and mixed m. p. 118—119°, which regenerated the lactone 
of the glyoxylic acid when oxidised with chromium trioxide in pyridine. Ozonolysis of the 
vinyl ether gave the keto-lactone (VIII) in about 2% yield. 

48-Hydroxy-trans-decalin-9B-carboxylic Acid (XV).—The corresponding lactone (X) (2-5 g.), 
provided by ozonolysis of the vinyl ether, was refluxed for 9 hr. with ethanol (10 ml.) in which 
sodium (0-32 g.) had been dissolved. The mixture was cooled, diluted with water (10 ml.), and 
neutralised by careful addition of dilute sulphuric acid (6-9 ml.; 2N). The precipitate (2-1 g.) 
was separated and its solution in sodium hydrogen carbonate solution was filtered and 
extracted with ether. Acidification of the aqueous layer gave the required hydroxy-acid (1-5 g.) 
which crystallised from aqueous ethanol in needles, m. p. 167—169° (decomp.) (Found: 
C, 66-1; H, 9-2%; equiv., 198-3. C,,H,,0O, requires C, 66-7; H, 9-1%; equiv., 198-2). Its 
absorption spectrum showed strong intramolecular hydrogen bonding. This compound was 
not reduced by lithium aluminium hydride in boiling ether, but its methyl ester, obtained by 
means of diazomethane, was readily reduced to the diol (XIV) (see below), m. p. and mixed 
m. p. 110—110-5°. 

108-Hydroxymethyl-trans-decal-18-ol (XIV).—The y-lactone (X) (1-3 g.) was refluxed for 3 hr. 
with a solution of lithium aluminium hydride (3 g.) in ether (150 ml.)._ The reaction mixture 
was worked up in the usual manner and gave the required diol, m. p. 110—110-5° (Found: 
C, 71:8; H, 10-9. C,,H,,O, requires C, 71-7; H, 10-9%) after crystallisation from ethyl 
acetate-light petroleum. The absorption spectra of its solutions in carbon disulphide showed 
intramolecular hydrogen bonding. A mixture of the diol (0-10 g.), p-nitrobenzoyl chloride 
(0-4 g.), and pyridine (2-5 ml.) in benzene (10 ml.) was heated for 10 min. on the steam-bath. 
Dilution with benzene (20 ml.) and ether (30 ml.) and successive extraction with water, 2N- 
sodium carbonate solution, water, 2N-hydrochloric acid, and water, followed by drying and 
removal of solvent, gave the di-p-nitrobenzoate which crystallised from ethanol in needles, m. p. 
173—174° (Found: C, 62-3; H, 5-5; N, 62. C,;H,,N,O, requires C, 62-2; H, 5-4; N, 58%). 

108-1’,2’-Dihydroxyethyl-trans-decal-18-ol (XII).—This triol was obtained in good yield by 
reduction (LiAlH,) of each of the 8-lactones (VIII) and (IX). It crystallised from eth acetate 
in plates, m. p. 156° (Found: C, 67-4; H, 10-5. C,,H,,O, requires C, 67-3; H, 10-4%), and 
readily reacted with acetone in the presence of anhydrous copper sulphate to give the isopropv!- 
idene derivative, which crystallised from light petroleum in prisms, m. p. 120—121° (Found: 
C, 70-9; H, 10-3. C,,H,,0, requires C, 70-9 H, 10-2%). 
108-Formyl-trans-decal-18-ol (XIII).—A solution of the above triol (0-107 g.) in a mixture 
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of ethanol (6 ml.), water (1-5 ml.), and aqueous periodic acid solution (2-6 ml.; 0-206m) was 
kept in a stoppered flask at room temperature for 40 hr. Formaldehyde was shown to be 
formed. Excess of saturated sodium hydrogen carbonate solution was added and the mixture 
was extracted repeatedly with ether. The extracts were dried (MgSO,) and gave the required 
hydroxy-aldehyde as an oil of strong ginger-like odour. The semicarbazone crystallised from 
ethyl acetate-light petroleum in needles, m. p. 224—225° (Found: C, 60-5; H, 8-8; N, 17-7. 
C,,H,,;N;0, requires C, 60-3; H, 8-8; N, 17-6%). The 2,4-dinitrophenylhydvazone separated 
from ethanol in orange-yellow needles, m. p. 153—154° (Found: C, 56-2;H, 6-2; N, 15-2. 
Cy,7H.,N,O; requires C, 56-4; H, 6-1; N, 155%). When reduced with lithium aluminium 
hydride, the hydroxy-aldehyde gave 10$-hydroxymethyl-trans-decal-18-ol (XVI), m. p. and 
mixed m. p. 110—110-5°. 

Reaction of the Vinyl Ether with Perbenzoic Acid in Chloroform.—One mol. of the peracid 
was immediately (<15 min.) consumed and the lactone (IX) was isolated from the reaction 
mixture. When 3 mol. of peracid were used, 2 mol. were consumed in 24 hr. and the mixture 
gave the lactones (VIII) and (IX) and a residual oil which, with lithium aluminium hydride, 
gave the diol (XIV), m. p. and mixed m. p. 110—110-5°; apparently, some of the y-lactone (X) 
had been formed during the oxidation process. 
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919. Physical Properties and Chemical Constitution. Part 
XXIX.* Acetylenic Compounds. 


By RoMAN GRZESKOWIAK, GEORGE H. JEFFERY, and ARTHUR I. VOGEL. 


Pure samples of a series of alk-l-ynes (hex-l-yne to tridec-l-yne), of 
prop-2-yny]l esters (formate to n-heptoate), and of but-2-yn-1,4-ylene diesters 
(diformate to di-n-heptoate) have been prepared, and their refractive indices 
at 20°, and densities and surface tensions over a range of temperatures, have 
been determined. The bond constants (refractions, molecular refraction 
coefficients, and parachors) for the carbon-to-carbon triple bond, both 
terminal and non-terminal, have been evaluated. 


THE present investigation was undertaken to secure trustworthy data on the physical 
properties of pure acetylenic compounds containing both terminal and non-terminal 
acetylenic groupings, and to evaluate the bond refractions, bond parachors, and bond 
molecular-refraction coefficients. Our initial measurements upon esters of but-3-yne-l- 
carboxylic acid and dec-9-yne-l-carboxylic acid! gave values for the various constants 
which were more trustworthy than those deduced by Campbell and Eveslage ** from 
various acetylenic hydrocarbons. We now present the results deduced from measure- 
ments upon pure acetylenic hydrocarbons (hex-l-yne to tridec-l1-yne) and upon prop-2-ynyl 
esters, which lead to values for the terminal carbon-carbon triple bond: in addition, values 
for non-terminal acetylenic groups have been evaluated from new measurements upon 
the but-2-yn-1,4-ylene diesters (formate to n-heptoate). All the results for the bond 
constants, including those given in Part XVII, are collected in Table 1. 

The mean CH, values deduced from the measurements in the three series of compounds, 
together with the standard deviation s, are collected in Table 2. 

* Part XXVIII, J., 1960, 4454. 


1 Jeffery and Vogel, Part XVII, J., 1948, 674. 
2 Campbell and Eveslage, J. Amer. Chem. Soc., 1945, 67, 1851. 
* Cf. Hennion and Banigan, J. Amer. Chem. Soc., 1946, 68, 1381. 
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The bond constants for the carbon-carbon triple bond were calculated with the aid 
of the values given in Part XXIV.4 


TABLE 1. Bond parachors, bond refractions (at 20°), and bond refraction coefficients 
(at 20°) for the carbon-carbon triple bond. 


No. of 

Series of compounds compounds P [Re [R]p [Re [Rle Mnyp* 
CHSC ICH COIR F o..000. 00000000 4 53-1 5-86 5-91 6-01 6-11 25-04 
CH=C-[CH,),°CO,R *............... 3 54-0 5-75 5-80 5-91 6-00 25-06 
CHEC(CH CH, .......cccccceceee 8 51-0 5-79 5-82 6-00 6-04 24-75 
Mean value of C:C (terminal) 15 52-1, 5-80, 5-84, 5-91, 6-05, 24-88, 
CHE COOTOR Cin. cc cccccccccsccce 5 55-4 5°83 5°85 6-02 6-07 25-43 
R-CO-0-CH,C=C-CH,°O-COR ... 5 51-1 6-40 6-40 6-59 6-68 27-45 


TABLE 2. Mean values for CHg. 


No. of 

Compounds compounds P [Ro [Rlp [Rlr [Rle Mnp* 
CHEC ICH Cg ccccsccccccccccsee 8 40-1 4-62 4-64 4-69 4-73 20-61 
Oh :daadeanatlddheliccdbapeavtinscenbiieess 0-5 0-01 0-01 0-01 0-02 0-05 
CH TAC OCGOR  ccoccccescecoccese 5 38-8 4-62 4-65 4:70 4-74 20-50 
pee rie EL RE 0-2 0-01 0-01 0-02 0-02 0-13 
R-CO-O’CH,°C=C-CH,°O-COR ... 5 38-4 4-63 4-65 4-70 4:74 20-47 
iD Cd havidevstadbaveadbavesbesetesucss 1-1 0-01 0-01 0-01 0-00, 0-2 

EXPERIMENTAL 


Physical Measurements.—Full details are given in Part XXVIII.5 Unless otherwise stated, 
b. p.s are corrected. All the compounds were refractionated immediately before the measure- 
ments were made. The purity of every compound was established by vapour-phase 
chromatography (a Griffin & George VPC apparatus, Mark II, was employed) and by infra- 
red spectroscopy. 

Preparation of Alk-l-ynes (Hept-l-yne to Tridec-l-yne, and 3-Cyclohexylprop-1-yne).—All 
the alkynes were prepared in accordance with the following scheme: 


R-MgBr NaNH, 
CH,BreCBriCH, (1) ————— R°CHy*CBr:CH, (I) ——————— _R°CH,°C=CH (Ill) 
in liquid NH, 


2,3-Dibromopropene * when treated with the appropriate Grignard reagent gave the 2-bromo- 
alk-1l-ene (II),’ and the latter afforded the alk-1-yne with sodamide in liquid ammonia solution.®*® 
The use of sodamide in liquid ammonia for dehydrohalogenation gives a better yield and is 
much more convenient than that involving a suspension of finely pulverised sodamide in a 
purified mineral oil of b. p. >250°.%1° The alcohols employed in the preparation of the 
Grignard reagents were highly purified commercial products. 

Preparation of Hex-1~yne.—The above general procedure gave a very poor yield of hex-l-yne. 
It was prepared from n-butyl bromide and sodium acetylide “ on a large scale, and the pure 
hydrocarbon was isolated by fractionation through a long Fenske column. 

Esters of Prop-2-yn-1-ol with Aliphatic Monocarboxylic Acids.—The esters (except formate) 
were prepared in good yield by azeotropic distillation of the alcohol (b. p. 114°/760 mm.) and 
the pure acid in benzene in the presence of ZeoKarb 225(H) as catalyst.1* For the acetate and 
propionate, 2 mol. of acid to 1 mol. of alcohol were used: for esters of the higher acids, excess 
of alcohol (which is readily separated from the ester by fractional distillation) was employed. 


Vogel, Cresswell, Jeffery, and Leicester, Part XXIV, J., 1952, 14. 

Kyte, Jeffery, and Vogel, J., 1960, 4454. 

Org. Synth., Coll. Vol., 1941, 2nd edn., 209. 

Cf. ibid., p. 186. 

Cf. ibid., p. 191. 

Vaughn, Vogt, and Newland, J. Amer. Chem. Soc., 1934, 56, 2120. 

10 Bourguel, Ann. Chim. (France), 1925, 3, 231. 

11 Vogel, “‘ Practical Organic Chemistry,” 3rd edn., 1957, Longmans, Green & Co., p. 897. 
12 Sussmann, Ind. Eng. Chem., 1946, 38, 1229. 
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ud TABLE 3. 
Ref. 
no. Compound B.p./mm. 4d? aie aye a Y20 Yeo Yeo Yes P_ Notes 
Hydrocarbons 
746 Hex-l-yne 71-5° 0-7150 — — _— 20:98 — _- — 245-8 a 
747 Hept-l-yne 99-5° 0-7329 0-7149 0-6969 — 22-67 20-61 18:50 — 2862 6b 
748 Oct-l-yne 124-5° 0-7462 0-7298 0-7125 0-6914 23-86 21-78 19-70 — 3263 c 
0 749 Non-l-yne 57°/25 00-7580 0-7423 0-7261 0-7047 25-00 23-02 21-05 18-60 366-5 d 
1 750 Dec-l-yne 73-5°/25 00-7661 0-7510 0-7353 0-7154 25-95 24-00 22-07 19-67 407-2 e 
5 751 Undec-l-yne 94-5°/25 0-7729 0-7580 0-7425 0-7235 26-58 24-71 22-82 20-48 447-2 
; 752 Dodec-l-yne 113-5°/25 0-7787 0-7650 0-7503 0-7317 27-18 25-33 23-49 21-12 487-3 g 
758 Tridec-l-yne 125°/25 0-7844 0-7707 0-7562 0-7380 27-55 25-69 23-81 21-46 526-8 h 
3s 754 3-Cyclohexyl- 55°/21 0-8445 0-8285 0-8120 0-7925 29-80 27-84 25-90 23-48 338-6 * 
3 prop-l-yne 
. Esters of prop-2-yn-1-ol 
755 Formate 105-5° 1-0452 1-0218 0-9986 0-9700 35-00 32-17 29-34 — 195-8* 
756 Acetate 121-5° 0-9982 0-9761 0-9541 0-9275 32-81 30-20 27-58 — 235-2* « 
757 Propionate 138-5° 0-9726 0-9515 0-9297 0-9022 31-27 28-82 26-44 23-44 272-8 
* 758 Butyrate 156-0° 0-9495 0-9299 0-9098 0-8837 30-04 27-83 25-66 22-90 311-4 
"59 Valerate 84-0°/25 0-9360 0-9176 0-8985 0-8752 29-78 27-69 25-61 22-98 350-2 
760 Hexanoate 97-5°/25 0-9248 0-9075 0-8892 0-8668 29-52 27-51 25-52 23-01 389-2 
4 761 Heptanoate 112-0°/25 0-9172 0-9015 0-8831 0-8620 29-66 27-78 25-90 23-52 428-0 
: 762 Prop-2-yn- 113-5° 0-9475 0-9308 0-9115 0-8905 36-04 33-50 30:98 —  144-9* 
1-ol 
7 
Diesters of but-2-yne-1,4-diol 
763 Formate 86°/1  1-2244 1-2036 1-1825 1-1562 — 45-65 42-74 39:15 306:3* j 
764 Acetate 116°/4 11-1263 1-1070 1-0869 1-0631 — 38-20 35-78 32-71 381-8* k 
765 Propionate 120°/2 1-0701 1-0513 1-0331 1-0062 36-16 34-07 31-98 29-38 453-6 
766 Butyrate 116°/1 11-0277 1-0094 0-9918 0-9698 33-14 31-42 29-70 27-50 528-0 
d, 767 Valerate 134°/1 11-0024 0-9863 0-9695 0-9478 32-02 30-40 28-88 26-71 604-0 
re- 768 Hexanoate 158°/1 0-9814 0-9656 0-9503 0-9303 31-48 29-87 28-22 26-15 681-0 
se 769 Heptanoate 175°/1 0-9655 0-9508 0-9355 0-9165 31-23 29-80 28-35 26-51 760-5 
‘a- * Not used in the calculation of the mean values for (CH,) and for (C=C). 
a d}* 0-7203; y,4 21-80; Campbell and Eby (J. Amer. Chem. Soc., 1941, 68, 2684) give d?° 0-71518, 
\! mp 1-39840; cf. Henne and Greenlee (ibid., 1945, 67, 485), Levina e¢ al. [J. Gen. Chem. (U.S.S.R.), 
1951, 21, 240]. & Campbell and Eby (loc. cit.) give d?° 0-73379, nmp*® 1-40840; cf. refs. 14, 15. 
c Campbell and Eby (loc. cit.) give d?® 0-7463, mp®® 1-41565; cf. refs. 14, 16. d Elsner and Paul 
(J., 1951, 893) give mp*° 1-4224; cf. ref. 10. e Elsner and Paul (loc. cit.) give nmp® 1-4269; cf. ref. 17. 
f Brown, Greenlee, and Fusari (J. Amer. Oil Chemists’ Soc., 1951, 28, 416) give np” 1-4328. g Brown, 
Greenlee, and Fusari (loc. cit.) give mp®® 1-4343; cf. ref. 17. h Elsner and Paul (loc. cit.) give np* 
1-4374; cf. Lamb and Smith (/., 1952, 5032). «i Henne and Greenlee (loc. cit.) give d?® 0-9478, np*° 
0- 1-4320; cf. Hennion and Murray (J. Amer. Chem. Soc., 1942, 64, 1220). 7 M. p.35-5°. Refractive 
8,9 index values at 20° are for the supercooled liquid; mp** 1-45441; d? obtained by extrapolation. 
: k M. p. 28-3°. Refractive index values at 20° are for the supercooled liquid; mp** 1-44822; 43° 
1S obtained by extrapolation. Hennion and Kupiecki (J. Org. Chem., 1953, 18, 1601) give mp** 1-4512; 
a d* 1-1223; cf. Johnson, J., 1946, 1009. 
he 
In all cases, the cation-exchange resin was filtered off after water ceased to distil into the Dean 
e. and Stark tube: for the acetate and propionate, the excess of acid was removed by shaking the 
re mixture with excess of sodium hydrogen carbonate solution, and the neutral product washed 
with water, dried, and fractionated. For the n-butyrate and higher esters, the crude ester 
e) fraction was first isolated by fractionation, washed with water, dried, and fractionated again. 
id Since formic acid is not miscible with benzene, the ester was prepared by refluxing the alcohol 
id with excess of acid in methylene chloride solution for 14 hr., and the ester isolated in the usual 
SS manner (yield 50%). . 
d. The following esters are new: formate (Found: C, 57-4; H, 4:8. C,H,O, requires C, 57-2; 
H, 4.8%); propionate (Found: C, 64-4; H, 7-3. C,H,O, requires C, 64-4; H, 7-2%); butyrate 
(Found: C, 66-5; H, 8-0. C,H, ,O, requires C, 66-6; H, 7-9%); valerate (Found: C, 68-8; 





H, 8-6. C,H,,O, requires C, 68-6; H, 8-6%); hexanoate (Found: C, 70-2; H, 91. C,H,,O, 
requires C, 70-0; H, 9-1%); and heptanoate (Found: C, 71-1; H, 9-7. Cy, 9H,,O, requires 
C, 71-3; H, 96%). 

Diesters of But-2-yne-1,4-diol with Aliphatic Monocarboxylic Acids.—The procedure adopted 
was similar to that described for prop-2-ynyl esters: benzene was used as solvent for all esters 
except the diformate, for which methylene chloride was satisfactory. The proportions used 
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were butynediol, m. p. 54°, 1 mol., and acid 5—6 mol. After 25—30 hours’ refluxing, the 
cation-exchange resin was filtered off: for the diformate and the diacetate, the reaction product 
was neutralised with saturated sodium hydrogen carbonate solution, washed with water, dried, 
and fractionated. For the higher esters, the solvent was removed by distillation at atmospheric 
pressure, and the excess of acid at 2mm.: the residual ester was washed with saturated sodium 
hydrogen carbonate solution until neutral, then with water, dried, and fractionally distilled. 
The yields in all cases were excellent. 


TABLE 4. 
Ref.no. mo” np”? Np?” Ng’ [Re [R]p [Rp [R]e Mnp* Notes 
Hydrocarbons 
746 «1:39649 1-39881 1-40451 1-40915 27-63 27:78 2813 28-41 114-90 
1-40641 1-40874 1-41448 1-41912 32:25 32-42 32-82 33-14 135-47 
1-41355 1-41591 1-42163 1-42627 36-87 37:05 37:49 37-86 156-02 
1-42010 1-42246 1-42819 1-43281 41-48 41-69 42-18 42-58 176-70 
1-42467 1-42703 1-43279 1-43748 46-11 46-34 4688 47-32 197-27 
1-42853  1-43089 143665 1-44134 50:74 50:99 51-58 52-06 217-88 
143199 1-43436 1-44013 144485 55:38 55:65 56:29 56-82 238-53 
1-43505 1-43742 1-44322 1-44789 55:99 60-28 60-97 61-52 259-20 
1-45644 1-45894 1-46535 1-47035 39:37* 39-55* 40-03* 40-40 178-30 


Esters of prop-2-yn-1-ol 
1-41419 1-41670 1-42293 1-42780 20-11* 20-21* 20-48 20-69 119-10 
1.41624 1-41866 1-42468 1-42945 24-67* 2480* 25-11 25-36 139-17 
1-42089 1-42331 1-42922 1-43392 29-23 29-37 29-73 30-02 159-58 
1-42343 1-42580 1-43173 1-43645 33-87 34-03 34°45 34-78 179-90 
1-42769 1-43013 1-43601 1-44077 38-50 38-69 39-15 39-53 200-47 
1-43058 1-43304 1-43886 1-44358 43-12 43-34 43-84 44:25 220-97 
1-43365 1-43611 1-44191 1-44652 47-73 47-97 48-52 48-96 241-60 
1-42950 1-43211 1-43880 1-44389 15-27* 15°35* 15°63 15-71 * 80-29 
Diesters of but-2-yne-1,4-diol 
1-45729 1-46001 1-46890 1-47213 31-63* 31-79*_ 32-20 32-51* 207-40 
145135 1-45390 1-46042 1-46544 40-71* 40-91* 41-41 41-80* 247-40 
1-45097 1-45343 1-45975 1-46468 49-87 50-11 50-71 51-18 288-09 
1:-44962 1-45208 1-45828 1-46323 59-12 59-40 60-11 60-66 328-55 
1-45140 1-45385 1-46009 1-46490 68-36 68-69 69-50 70-14 369-75 
145218 1-45464 1-46072 1-46559 77-65 78-00 78-91 79-63 410-72 
1-45309 1-45558 1-46160 1-46641 86-91 87-32 88-32 89-11 451-84 


a—k See Table 3. 


The following esters are new: diformate (Found: C, 50-7; H, 4-4. C,H,O, requires C, 50-6; 
H, 42%); dipropionate (Found: C, 60-6; H, 6-9. Cj, 9H,,O, requires C, 60:5; H, 7-0%); 
dibutyrate (Found: C, 63-5; H, 8-2. (C,,H,,O, requires C, 63-5; H, 8-0%); divalerate (Found: 
C, 66-0; H, 85. C,,H».O, requires C, 66-0; H, 8-6%); dihexanoate (Found: C, 67-6; H, 9-2. 
C,gH,,0, requires C, 67-9; H, 9-2%); and diheptanoate (Found: C, 69-6; H, 9-6. C,H 3,0, 
requires C, 69-6; H, 9-6%). 

Tables 3 and 4 summarise the physical properties of all the pure acetylenic compounds 
investigated; the numbering of compounds in Clarendon type follows from Part XXVIII. 
Table 3 contains the b. p. (at 760 mm., unless otherwise stated), rounded values of the density, 
and surface tension at various temperatures, and the mean parachor; and Table 4 gives the 
refractive indices, molar refractivities, and the molar refraction coefficients. 


The authors thank Imperial Chemical Industries Limited for a grant. 


WooLtwicH PoLyTEcHNic, Lonpon, S.E.18. [Received, March 17th, 1960.] 
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The Dipole Moments of Some Halogeno- and Cyano-pyridines. 


By CHARLES W. N. CuMPER and ARTHUR I. VOGEL. 


The electric dipole moments of 18 chloro-, bromo-, and cyano-pyridines, 
together with those of chloro-, bromo-, and cyano-benzene, have been 
calculated from measurements of the dielectric constants, specific volumes, 
and refractive indices of their solutions in benzene at 25-00°. The dipole 
moments are considered in terms of the different “‘ apparent bond moments ”’ 
of the substituents in the «-, B-, and y-positions in the pyridine ring. The 
main causes for the differences between the pyridine and benzene ring 
systems and discussed. 


THE electric dipole moments of a very large number of mono- and poly-substituted 
benzenes have been measured but few systematic investigations of heterocyclic systems have 
been reported. Analysis of their dipole moments is frequently complicated by two factors. 
The parent heterocyclic molecule often has a large moment itself and the carbon atoms in 
the ring are no longer entirely equivalent. A detailed investigation of the dipole moments 
of heterocyclic compounds, however, could provide information about the electron 
distribution within the molecules and the electron availability at different carbon atoms 
in the ring. 
In Part XXV the dipole:moments of mono-alkylpyridines and -lutidines were 
reported. This investigation has now been extended to the halogeno- and cyano-pyridines. 


EXPERIMENTAL 


The apparatus and techniques used were described in Part XXV.! Measurements were 
made of benzene solutions at 25-00° + 0-01°. 

2-Chloropyridine and all the bromopyridines, except 4-bromopyridine, were very kindly 
given to us by Professor J. P. Wibaut, University of Amsterdam. The remaining compounds 
were high-grade commercial products. These were extensively purified before use, and all 
the compounds were given a final crystallisation or fractional distillation immediately before 
their solutions in benzene were prepared and the physical measurements taken. Their m. p.s 
or b. p.s agreed with published values and the consistency amongst the dipole moments found 
for the whole series of compounds is considered evidence of their purity. 

The b. p.s of the 2-, 3-,and 4-chloropyridines were, respectively, 170°/770, 150°/769, and 
147°/757 mm.; and of 2-, 3-, and 4-bromopyridine 192°/756, 173°/760, and 30°/0-4 mm. (m. p. 6°). 
The m. p.s of the crystalline pyridine compounds were: 2-, 3-, and 4-cyanopyridine, 26°, 50°, 
and 82°; 2,6- and 3,5-dichloropyridine, 87° and 65°; 2,6-, 3,5-, 3,4-, and 2,5-dibromopyridine, 
119°, 111-5°, 73°, and 93°; 2,4,6-, 2,3,6-, and 3,4,5-tribromopyridine, 108°, 82°, 109°, respectively. 
Chlorobenzene had b. p. 132°/760 mm., bromobenzene b. p. 156°/764 mm., and benzonitrile 
b. p. 191°/766 mm. 

Results —The dielectric constants (e,,), specific volumes (v,,.), and refractive indices to 
sodium light (”,,) of benzene solutions with weight fractions (w,) are recorded in Table 1. Over 
the concentration range studied, ¢,, was a linear function of w,, and the parameters of this 
relation, determined by a method of least squares, are also in Table 1. Likewise v,, and the 
specific refraction (r,,) of the solutions were linear function of w,. 

The total polarisation of the solutes at infinite dilution (,.P,) wasevaluated. The distortion 
polarisation, to be subtracted from ..P, to give the orientation polarisation (,P), was assumed 
equal to the molar refraction to sodium light (R,,) and obtained from the specific refraction of 
the solutions.1_ The values of ..P,, R,, ,.P, and the electric dipole moment (4) of the compounds 
are given in Table 2. A large atoni polarisation could result in a significant error in the dipole 
moment of 3,4,5-tribromopyridine. 


* Part XXIX, preceding paper. 
1 Cumper, Vogel, and Walker, J., 1956, 3621. 
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DISCUSSION 

There are two main centres of polarity in these molecules. Pyridine has a dipole 
moment of 2-21p,} associated largely with the nitrogen atom itself, particularly its lone-pair 
electrons in a hybridised orbital. One wave-mechanical calculation * indicates that this 
hybridisation causes a dipole moment of 1-78D, the C,y-H bond contributing 0-20D, and 
the x-electron distribution 0-35p. Other calculations involve larger contributions from 
the x-electrons but are based on assumed values for the o-bond moment. The second 
polar centre arises from the replacement of a hydrogen atom by the substituent X. 

Interactions between these components of the resultant dipole moment being neglected, 
the contribution of the substituent relative to that of the C-H bond it replaces,* (Ap = 
Uo-x — Yo-n), may be calculated. The values for this increment in bond moment, 


100w, "12 £12 "13 
2-Chloropyridine 
0-2362 1-14368 2-2963 1-49799 
0-3061 1-14345 2-3034 1-49800 
0-6665 1-14231 2-3398 1-49804 
0-9174 1-14148 2-3654 1-49809 
1-3036 1-14023 2-4045 1-49815 
1-4033 1-13989 2-4146 1-49817 
1-6134 1-:13922 2-4359 1-49821 
Vig = 1:14445(1 — 0-283w,) 
€4q = 2-2723,(1 + 4°46,w,) 
%_ = 0-33543(1 — 0-258w,) 


2-Bromopyridine 

0-1010 1-14394 2-2799 1-49783 
0-1977 1-14340 2-2869 1-49785 
0-3841 1-14239 2-2999 1-49790 
08068 1-14010 2-3302 1-49802 
1-2089 1-13796 2-3591 1-49820 
1-6224 1-13553 2-3888 1-49826 
18178 1-13460 2-4029 1-49829 

Vyg = 1-14445(1 — 0-471,) 

€4. = 2-2725,(1 + 3-15,w,) 

7, = 0-33538(1 — 0-423w,) 


2-Cyanopyridine 

0-0359 1-14439 2-2826 1-49795 
0-0555 1-14435 2-2885 1-49795 
0-1634 1-14408 2-3194 1-49801 
0-2875 1-14383 2-3550 1-49803 
0-4652 1-14340 2-4061 1-49810 
0-8332 1-14253 2-5117 1-49823 
1-1286 1-14191 2-5966 1-49830 

Vig = 1-/14445(1 — 0-196w,) 

€yq = 2-2724,(1 + 12-65w,) 

Yq = 0°-33543(1 — 0-141w,) 


2,6-Dichloropyridine 

0-0537 1-14421 2-2777 1-49791 
0-1027 1-14405 2-2827 1-49792 
0-1958 1-14369 2-2919 1-49795 
0-5135 1-14244 2-3229 1-49801 
0-9373 1-14079 2-3645 1-49812 
1-3830 1-13906 2-4084 1-49822 
1-4086 1:13896 24109 1-49824 

Uyy = 1-14445(1 — 0-341w,) 

fi, = 2:2725,(1 + 4-32,w,) 

rig = 0°33540(1 — 0-299w, 


TABLE 1. 
100w, V2 fis M1. 
3-Chloropyridine 

0-0566 1-14428 2-2748 1-49795 
0-1292 1-14403 2-2776 1-49797 
0-2796 1-14365 2-2839 1-49799 
0-3041 1-14352 2-2849 1-49799 
0-5777 1-14261 2-2955 1-49803 
1-2499 1-14049 2-3222 1-49819 
1-7966 1-13875 2-3435 1-49831 

Vyg = 1-14445(1 — 0-277w,) 

€yg = 2-2726,(1 + 1-73,w.) 

Vg = 0-33541(1 — 0-241w,) 


3-Bromopyridine 

0-1139 1-14389 2-2758 1-49804 
0-1969 1-14342 2-2783 1-49807 
0-5676 1-14145 2-2888 1-49820 
11187 1-13852 2-3046 1-49838 
1-6077 1-13594 2-3186 1-49855 
1-8021 1-13515 2-3244 1-49862 
19730 1-13401 2-3294 1-49868 

Vig = 1-14445(1 — 0-462w,) 

€y_ = 2-2724,(1 + 1-26,w,) 

T12 = 0-33546(1 — 0-408w,) 


3-Cyanopyridine 

0-0381 114435 2-2777 1-49787 
0-1870 1-14401 2-2965 1-49793 
0-4163 1-14343 2-3253 1-49802 
0-6911 1-14275 2-3604 1-49813 
11293 1-14172 2-4164 1-49826 
1-3807 1-:14108 2-4485 1-49835 
1-5134 1-14075 2-4654 1-49839 

Vyg = 1-14445(1 — 0-214w,) 

fg = 2-2726,(1 + 5-60,w,) 

¥y9-= 0-33539(1 — 0-155w,) 


3,5-Dichloropyridine 

0-0630 1-14421 2-2729 1-49800 
0-1478 1-14389 2-2736 1-49801 
0-3931 1-14293 2-2753 1-49807 
0-7121 1-14170 2-2774 1-49812 
0-9589 1-14076 2-2792 1-49821 
1-2502 1-13961 2-2813 1-49830 
1-4764 1-13875 2-2828 1-49836 

Vig = 1-:14445(1 — 0-337w,) 

€\, = 2-2725,(1 + 0-30,w,) 

Yq = 0-33544(1 — 0-305w,) 


100w, "12 €12 Ny. 
4-Chloropyridine 
0-2000 1-14404 2-2740 1-49798 
0-3607 1-14331 2-2753 1-49804 
0-5751 1-14263 2-2765 1-49808 
0-8604 1-14174 2-2785 1-49812 
1-1564 1-14080 2-2807 1-49820 
1-6104 1-13936 2-2839 1-49824 
1-7328 1-13901 2-2850 1-49831 
Vig = 1-:14445(1 — 0-275w,) 
€,2 = 2-2724,(1 + 0-31,w,) 
V2 = 0-33543(1 — 0-240w,) 


4-Bromopyridine 

0-1864 1-14342 2-2738 1-49796 
0-3020 1-14283 2-2746 1-49797 
0-5359 1-14153 2-2761 1-49802 
1-0691 1-13969 2-2796 1-49821 
1-4683 1-13627 2-2823 1-49840 
1-7376 1-13507 2-2840 1-49858 
2-1900 1-13265 2-2870 1-49879 

Vig = 1-14445(1 — 0-472w,) 

€;, = 2-2726,(1 + 0-28,w,) 

%12 = 0-33538(1 — 0-403w,) 


4-Cyanopyridine 

0-0657 1-14433 2-2745 1-49793 
0-1712 1-14408 2-2775 1-49795 
0-4374 1-14344 2-2851 1-49805 
0:7047 1-14279 2-2929 1-49817 
10927 1-14188 2-3038 1-49830 
1-5324 1-14081 2-3165 1-49847 
1-7124 1-14040 2-3216 1-49851 

Vig = 1-14445(1 — 0-205w,) 

€1g = 2-2726,(1 + 1-25,w,) 

Tyg = 0-33541(1 — 0-145w,) 


2,6-Dibromopyridine 

0-0751 1-14397 2-2759 1-49805 
0-1575 1-14341 2-2807 1-49811 
0-5674 1-14064 2-3045 1-49832 
0-8710 1-13858 2-3224 1-49851 
1-3860 1-13502 2-3528 1-49877 
1-5274 1-13412 2-3621 1-49885 
1-8010 1-13225 2-3775 1-49900 

Vig = 1-14445(1 — 0-591 w,) 

€4g = 2-2723,(1 + 2-58,w,) 

71g = 0-33546(1 — 0-501w,) 





* There is reason to believe ' that the C-H, and presumably the C-X, bond moments are somewhat 
reduced in the 2-position as a consequence of the smaller s character of the hybridised carbon orbital, 
but this effect would be offset by the increased electronegativity of Cy. 


* Brown and Heffernan, Austral. J]. Chem., 1957, 10, 493. 





~~ 6S 8S bS §bS OS 6S bD CS DS BH CS DD BH CSO OD He CO BD 





198 
304 
308 
312 
320 


331 


96 
97 
02 
521 


58 
79 


93 


05 
17 
30 
47 
51 














(1960) Chemical Constitution. Part XXX. 4725 
TABLE 1. (Continued.) 
100w, V1 fi2 M12 100w, Vi2 E19 Mer) 100w, “12 fin Mag 
3,5-Dibromopyridine 3,4-Dibromopyridine 2,5-Dibromopyridine 


01001 1-14378 2-2730 1-49789 
01797 114322 2-2735 1-49794 
05735 114061 2-2758 1-49809 
1-0248 1-13762 2-2786 1-49830 
16176 1-13365 2-2822 1-49854 
1-7994 1-13302 2-2833 1-49859 
1-9044 113170 2-2839 1-49868 
= 1-:14445(1 — 0-584w,) 

= 2-2723,(1 + 0-26,w,) 

= 0-33535(1 — 0-505w,) 


2,4,6-Tribromopyridine 
01031 1-:14375 2-2747 1-49793 
02418 1-14269 2-2774 1-49800 
06625 1-13967 2-2855 1-49818 
0-7812 1-13878 2-2880 1-49826 
1:1440 1-13617 2-2949 1-49842 
1-3664 1-13456 2-2994 1-49854 
15391 1-13285 2-3030 1-49886 

U4, = 1-4445(1 — 0-641w,) 

€1. = 2'2726,(1 + 0-86,w,) 
ty = 0-33540(1 — 0-554w,) 


Vi2 
£12 
"19 


I tl 


Chlorobenzene 

01892 1-14399 2-2771 1-49796 
0-2894 1-14377 2-2796 1-49797 
0-7158 1-14273 2-2902 1-49806 
10078 1-14204 2-2976 1-49813 
1-4635 1-14093 2-3088 1-49821 
1-7340 1-14027 2-3155 1-49828 
1:8668 1-13993 2-3190 1-49832 

Vyg = 1-14445(1 — 0-211w,) 

Ey. = 2-2723,(1 + 1-09,w,) 

rig = 0-33541(1 — 0-174w,) 


oP, (cm.*) Rp (cm.') 


2-Chloropyridine ......... 244-3 
3-Chloropyridine ......... 112-4 
4-Chloropyridine ......... 43-33 
2-Bromopyridine ......... 241-4 
3-Bromopyridine ......... 114-5 
4-Bromopyridine ......... 47:97 
2-Cyanopyridine ......... 591-4 
3-Cyanopyridine ......... 274-6 
4-Cyanopyridine ......... 84-20 
2,6-Dichloropyridine ...... 306-6 
3,5-Dichloropyridine ...... 52-78 
2,86-Dibromopyridine ... 295-1 
3,5-Dibromopyridine ... 60-54 
3,4-Dibromopyridine ... 66-92 
2,5-Dibromopyridine ... 150-1 


2,4,6-Tribromopyridine 154-8 


2,3,6-Tribromopyridine... 244-6 
3,4,5-Tribromopyridine 53-87 
Chlorobenzene ............ 83-08 
Bromobenzene ............ 84-38 
Benzonitrile ............... 365-2 


0-0892 1-14385 2-2733 1-49790 
0-1576 1-14339 2-2740 1-49793 
0-4912 1-14116 2-2761 1-49809 
0-8798 1-13855 2-2792 1-49827 
1-2534 1-13605 2-2820 1-49846 
1-6775 1-13320 2-2853 1-49867 
18033 1-13236 2-2862 1-49874 

Vyg = 1-14445(1 — 0-586w,) 

fg = 2-2726,(1 + 0-33,w,) 

¥143 = 0-33538(1 — 0-504w,) 


2,3,6-Tribromopyridine 
0-:0922 1-14373 2-2756 1-49800 
0-3321 1-14198 2-2840 1-49814 
0-6998 1-13915 2-2969 1-49837 
0-9256 1-13745 2-3049 1-49850 
1-2669 1-13487 2-3168 1-49870 
1-5294 1-13282 2-3260 1-49892 
1-6274 1-13209 2-3298 1-49897 

= 1-14445(1 — 0-666w,) 
€yg = 2-2723,(1 + 1-54,w,) 
rg = 0°33542(1 — 0-556w,) 


Bromobenzene 

0-1893 1-14357 2-2761 1-49794 
0:3052 1-14298 2-2780 1-49801 
0-6034 1-14160 2-2835 1-49809 
1-0208 1-13958 2-2910 1-49826 
1-4788 1-13742 2-2991 1-49842 
1-5643 1-13702 2-3007 1-49845 
1-6176 1-13680 2-3018 1-49846 

Vig = 1-14445(1 — 0-415w,) 

Ey, = 2-2726,(1 + 0-79,w,) 

Yx2 = 0-33540(1 — 0-354w,) 


TABLE 2. 

oF (cm.*) # (D) 
28-27 216-0 3-25 
28-90 83-47 2-02 
28-96 14-37 0-84 
30-61 210-8 3-21 
31-39 83-10 2-02 
31-67 16-30 0-89 
30-00 561-4 5:24 
29-52 245-1 3-46 
29-86 54-34 1-63 
34-81 271-8 3-65 
34-50 18-28 0-95 
39-68 255-4 3-54 
39-35 21-19 1-02 
39-42 27-50 1-16 
39-22 110-9 2-33 
47-30 107-5 2-29 
47-01 197-6 3-11 
46-92 6-95 0-58 
31-19 51-89 1-59 
34-00 50-38 1-57 
30-78 334-4 4-05 


* Rogers and Campbell, J. Amer. Chem. Soc., 1953, 75, 1209. 


79. ¢ Hiickel and Salinger, Ber., 1944, 
* Various measurements prior to 1947 from Wesson, ‘‘ Tables of Electric Di 


chusetts Inst. Technol., 1948. 


Smith, J., 1953, 2456. * Brown and de Vries, J. Amer. Chem. Soc., 1951, 73, 1811. 
Kumar, and Sutton, J., 1951, 2807. 


77, 810. 


01258 1-14365 2-2756 1-49794 
0-1772 1-14334 2-2770 1-49795 
0-4729 1-14132 2-2848 1-49809 
0-9312 1-13828 2-2966 1-49831 
1-3023 1-13584 2-3063 1-49846 
1-6477 1-13345 2-3153 1-49863 
18700 1-13198 2-3212 1-49872 

Vy, = 1:14445(1 — 0-579w,) 

€1g = 2°2724,(1 + 1-14,0,) 

143 = 0-33539(1 — 0-507w,) 


3,4,5-Tribromopyridine 

0-0972 1-14372 2-2727 1-49790 
0-2503 1-14264 2-2731 1-49795 
0-5228 1-14052 2-2739 1-49815 
0-6961 1-13915 2-2744 1-49828 
1-0959 1-13616 2-2756 1-49851 
1-3477 1-13429 2-2763 1-49863 
1-6607 1-13192 2-2770 1-49885 
1-14445(1 — 0-659w,) 

Eyq = 2-2724,(1 + 0-12,w,) 

Yo = 0-33537(1 — 0-557w,) 


Vi 


Benzonitrile 

0-0777 1-14432 2-2862 1-49794 
0-1737 1-14420 2-3027 1-49798 
0-4817 1-14371 2-3558 1-49805 
0-7390 1-14331 2-4000 1-49812 
1-2041 1-14256 2-4804 1-49824 
1-6729 1-14183 2-5616 1-49838 
1-7109 1-14175 2-5682 1-49839 

Vig = 1:14445(1 — 0-137w,) 

€,g = 22726,(1 + 7-59,w,) 

"12 = 0-33542(1 — 0-110w,) 


Previous values for C,H, 
solutions 


3-28 ¢ 


0-84,' 0-9 
2-984 
1-934 


3-43 4 
0-984 


2-054 


1-53—1-64,* 1-59,/ 1-58, 1-60 
1-48—1-58,* 1-56, 1-55 * 
3-74—4-02,* 4-05 # 


> Leis and Curran, ibid., 1945, 67, 
4 Goethals, Rec. Trav. chim., 1935, 54, 299. 


le Moments,”’ Massa- 


S Le Févre, Trans. Faraday Soc., 1950, , lL. # Littlejohn and 


* Everard, 
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Au, shown in Table 3, were evaluated on the assumption that the bond angles are as in 
pyridine.* In Table 4 the experimental dipole moments of some di- and tri-substituted 
pyridines are compared with the values (u,) computed from the dipole moment of pyridine 
and the appropriate Ay, values. In both Tables there is a close parallelism between the 
chloro- and bromo-derivatives, but the resultant moments cannot be explained completely 
by direct vector addition of bond moments. 


TABLE 3. 


Hy (D 
0-00 * 

— 0-04 
0-00 


a 
v 
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Compound 
2-Chloropyridine 
3-Chloropyridine 
4-Chloropyridine 
Chlorobenzene 
2-Bromopyridine 
3-Bromopyridine 
4-Bromopyridine 
Bromobenzene 
2-Cyanopyridine 
3-Cyanopyridine 
4-Cyanopyridine 
Benzonitrile 
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* Referred to the co-ordinates 


TABLE: 4. 


Compound p (D) He (D) 
,6-Dichloropyridine 3-65 3-80 
,5-Dichloropyridine 0-95 0-77 
,6-Dibromopyridine 3°54 3-74 


— 


He (D) 
3-72 
0-95 
3-65 
1-03 
1-1l 
2-35 
2-34 
3-22 
0:10 


5-Dibromopyridine 1-02 0-79 
4-Dibromopyridine 1-16 1-36 
5-Dibromopyridine 2-33 2-27 
4,6-Tribromopyridine 2-29 2-39 
3 
4 


Protommowoew st 


ow 
@ bo 
—¥— 


SwWeK SoS +1 — 
PAW arr rf O 


'3,6-Tribromopyridine 3-11 3-31 
,4,5-Tribromopyridine 0-58 * 0-53 
* Probably high, since only partial allowance is made for atom polarisation. 


2 
3 
2 
3 
3, 
2 
2 
2 
3 


In each case the Ay value is less than for the corresponding benzene derivative, as 
might be expected for electronegative substituents. Calculations show that, relative to 
benzene, the carbon atoms are positively charged as a consequence of the zx-electron 
distribution. (According to one calculation * the charges at the Ci), Ci), Ccq), and N atoms 
are 0-061, 0-012, 0-055, and —0-202, respectively.) The Ay, values, however, are not in 
the same order as these charges, and so other factors which influence the electron distribu- 
tion in the molecule must be considered. 

Induced moments resulting from a polarisation of part of the molecule by the electric 
field generated by the primary dipole moments and by the net charge on the nitrogen atom 
are complications. The substituent polarises the pyridine ring but, since its polarisabilities 
in the plane of the ring * are 10-72 x 10 in the C,y-N direction and 10-43 x 10° cm.3 
perpendicular to this, any induced moment would be virtually in the direction of the C-X 
bond and incorporated in Ay. Moments will, however, also be induced in the substituent 
and their direction may not lie along the C-X bond. 

If only the moment, yy, resulting from hybridisation of the nitrogen atom and locating 
its centre at the nucleus of this atom, is considered, the dipole moment induced in a 

* If the results are to be consistent, the dipole moment of 4-cyanopyridine and of 3,4,5-tribromo- 
pyridine must act in the opposite direction to that in pyridine. 


* Davies, Trans. Faraday Soc., 1955, §1, 449. 
* Le Févre, Le Févre, Rao, and Smith, /J., 1959, 1188. 
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substituent may be estimated approximately, following Littlejohn and Smith (cf. Hampson 
and Weissberger *), from the equations: 


es = unl (Ea + 2)/esr* yz (cos*6 a 4) 
ty = Un[(e2 + 2)/es73]y, cos sin 6 


u, and u, are the moments induced respectively parallel and perpendicular to the inducing 
moment uy, and y, and y, the corresponding polarisabilities of the polarisable group of 
dielectric constant ¢,, and distant 7 from uy; »& is the dielectric constant of the medium 
between the two centres and 6 the angle between the vectors wy andr. Unfortunately, it 
is difficult to assign numerical values to these quantities. The polarisation centres have 
been taken as at the nuclei of the halogen atoms ® (r¢¢, = 1-70 A, ro_p, = 1-85 A) 7 and 
the middle of the C-N bond (r¢_cy = 2-00 A). «,.* is about 2-2, but e, which has been 
assumed to be the dielectric constant of the compound corresponding to the portion of the 
molecule between the two centres,5 could have a value between the dielectric constants 
of benzene (2-3) and pyridine (12-3),8 and the effective value will vary somewhat with the 
position of the substituent. The value of yy is also uncertain. Analysis of the induced 
moments in picolines and lutidines ® indicates that yy/e, is about }p, and a slightly greater 
value 1° seems consistent with the dipole moments of phenyl-pyridines and -quinolines. 

With the above assumptions, and Le Févre and Rao’s ™ data for polarisabilities, the 
moments induced in the substituent are listed in Table 3. It is obvious that the resultant 
moment induced in substituents in the 2- or 3-position do not lie along the C-X bond. 
Allowance being made for these,induced moments, the corrected Ay values in the C-X 
bond direction are given under Ay, in Table 3. Although the absolute values are uncertain, 
the relative magnitude of the changes in Ay is evident. It is most unlikely that Ay is 
the same in the 2-, 3-, and 4-positions. 

Some evidence for these modified bond-moment increments is provided by examination 
of the dipole moments of the di- and tri-substituted pyridines. After allowance for the 
above polarisation, the dipole moments yp, (Table 4) predicted for these molecules are in 
better agreement with experiment, though they are still somewhat high if the molecule 
has substituents in both the 2- and the 6-position. Even better agreement might be 
expected if the mutually induced moments in the halogen atoms are considered. To 
estimate their importance, the primary C-X moments have been taken as Ay,, operating 
from their polarisable centres, and ¢ as 4-0. The dipole moments (u,) calculated do not 
differ greatly from the y», values. 

This apparent improvement has resulted from the assumption that the C-X moment 
is not exactly in the bond direction. A moment induced by a net negative charge on the 
nitrogen atom would also produce this effect, which would be most marked with sub- 
stituents in the 2- and the 6-position. The magnitude of the effect is difficult to estimate 
because of lack of trustworthy values of the effective net charge on the nitrogen atom and 
the dielectric constant of the medium (¢). 

The Relative Order of the Au. Values.—When allowance is made for the induced moments, 
the increment in bond moment would seem to be greater in the 2- than in the 3- and 


* Naturally, the appropriate value of ¢, will vary with the different substituents and might also 
differ in the x and y directions as the polarisability is anisotropic. Since it enters the formule for the 
induced moments as (e, + 2), a slight error in ¢, will not seriously affect the values computed for these 
small induced moments. ; 

+ These induced moments vary from 0-00 to about 0-10p. Those caused by the less polar centres 
in pyridine would be correspondingly smaller and are neglected. 


5 Littlejohn and Smith, J., 1953, 2458; Hampson and Weissberger, J., 1936, 396. 

¢ Smith and Littlejohn, J., 1954, 2552. 

7 “ Tables of Interatomic Distances and Configurations in Molecules and Ions,” Chem. Soc. Special 
Publication, No. 11, 1958. 

8 Partington, ‘‘ An Advanced Treatise on Physical Chemistry,” Vol. V, Longmans, Green & Co., 
London, 1954. 

® Cumper, Chem. and Ind., 1958, 1628. 

10 Unpublished results. 

11 Le Févre and Rao, J., 1958, 1465. 
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4-positions with chloro- and bromo-pyridines, but somewhat less in the cyanopyridines, 
Some factors which can affect these ‘“‘ bond moments ” are listed below. 

(a) The positive charges on the carbon atoms, resulting both from the distribution of 
n-electrons and from the electronegative nitrogen atom attracting the o-electrons, affect 
the availability of electrons to the substituent. 

(6) The non-classical inductive effect discussed by Everard and Sutton.” This is a 
mesomeric effect in the ring initiated by the polarity of the C—X o-bond. 

(c) The mesomeric effect arising from the tendency for x-bonding between the 
substituent and the carbon atom to which it is linked. In the halogenopyridines this 
would reduce both the positive charges on the carbon atoms and Ay. This would be less 
important with cyanopyridines since the mesomeric effect increases the existing positive 
charges. There is evidence from nuclear quadrupole resonance spectra} that x-bond 
conjugation is particularly great in 2-chloropyridine, though the interpretation of the 
results is not unambiguous in view of long-range shielding.“ A Hiickel-type molecular- 
orbital calculation 1 does indicate that the effect of conjugation in reducing the Ay values 
in halogenopyridines is least in the 3-position and somewhat less in the 2- than in the 
4-position. 

(d) The bond angles might not be as in pyridine. (This might be more important in 
polysubstituted pyridines.) It could alter the moments of the ring, particularly that due 
to the lone-pair electrons on the nitrogen atom, and would also change the angle between 
the two primary moments. A 1° decrease in the angle between the C;4y-N and C-Cl 
directions in the chloropyridines, for example, reduces the Ay, value in the 2-position by 
0-03p and increases it in the 3-position by 0-11. 

The net effect of these factors is a reduction (by up to about 0-3p) in the apparent 
C-X bond moment in these pyridine compounds, compared with their benzene analogues; 
different bond moments in different positions round the pyridine ring; and a breakdown 
of strict vector additivity in the polysubstituted pyridines. 

Of the various factors (c) appears the most likely to account for the difference between 
the order of the Ay values in the halogeno- and cyano-pyridines. 

Similar effects might be expected with other heterocyclic systems; this is being 
investigated. 


The authors thank Professor Wibaut for his gift of some of the compounds studied, and the 
Imperial Chemical Industries Limited for a grant. 
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12 Everard and Sutton, J., 1951, 2821. 

18 Dewar and Lucken, j., 1959, 426. 

14 Cf. Elridge and Jackman, Proc. Chem. Soc., 1959, 89; Jackman, ‘‘ Applications of Nuclear Magnetic 
Resonance Spectroscopy in Organic Chemistry,” Pergamon Press, London, 1959. 
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Polymethylene Dichlorides, Dibromides, Di-iodides, and Dicyanides. 
By R. GrzEskow1Ak, G. H. Jerrery, and A. I. Voce. 


Pure samples of a series of polymethylene dihalides (X-[CH,],,°X, where 
X = Cl, Br, or I) and dicyanides have been prepared; their refractive 
indices at 20° and their densities and surface tensions over a range of tem- 
peratures have been measured. The refractions, molecular refraction 
coefficients, and parachors for the carbon-halogen bond and carbon— 
nitrogen triple bond have been evaluated. 





THE present research was undertaken to secure trustworthy data on the physical properties 

of pure polymethylene halides and cyanides, to evaluate the bond refractions, bond mole- 

cular refraction coefficients, and bond parachors of C-Cl, C-Br, C-I, and CiN, and to 
* Part XXX, preceding paper. 








|  omwwe we te 


wr Ww 


Ss =—_— = ( 








(1960) Chemical Constitution. Part XXXI. 4729 


compare the values of the bond constants with those previously obtained from n-alkyl 
halides and cyanides.'* The results for the bond constants, deduced with the aid of the 
CH, values given in Part XXIV," are collected in Table 1; the corresponding figures for 
the monohalides and monocyanides are given in Table 2. 


TABLE 1. Bond parachors, bond refractions (at 20°), and bond refraction coefficients (at 
20°) for C-Cl, C-Br, C-I, and C:N deduced from data on the dihalides and dicyanides. 


Bond No. of compounds P [Re [R]p [Rp [Re Mny” 
C-Cl 7 55-6 6-44 6-46 6-57 6-61 57-52 
C-Br 6 67-3 9-27 9-31 9-51 9-64 128-35 
c-I 6 91-4 14-35 14-48 14-87 15-16 212-30 
CN 5 61-2 4-80 4-82 4-90 4-91 30-10 


TABLE 2. Bond constants for C-Cl, C-Br, C-I, and CiN deduced from data on the 
mono-halides and -cyanides. 


Bond P [Re [Rp (Rlr [Re Mny” 
C-Cl 57-4 6-48 6-51 6-58 6-64 56-80 
C-Br 70-9 9-32 9-39 9-54 9-68 124-51 
C-I 92-4 14-47 14-61 14-96 15-28 202-46 
CIN 61-4 4-80 4-82 4-87 4-91 29-91 


It will be noted that the bond constants for the carbon—halogen bonds in Table 2 are 
appreciably higher than those in Table 1; no explanation can be offered for these real 
differences. 

The mean CH, values evaluated from the measurements in the four series of compounds, 
together with the standard deviation s, are collected in Table 3. 


TABLE 3. Mean values for CHg. 


Compounds P [Re [R}p [Rr [Rle’ Mnyp* 
Cl-[CH,},°Cl 41+5 4-62 4-64 4-69 4-73 20-69 
s 0-3 0-01 0-01 0-02 0-02 0-16 
Br-[CH,],"Br 42-1 4-65 4-67 4:72 4:77 20-00 
s 0-4 0-01 0-02 0-02 0-04 0-22 
I-[CH,],"I 41-6 4-63 4-65 4-70 4-74 17-87 
s 0-2 0-01 0-01 0-01 0-01 1-03 
NiC-(CH,],°CiN 41-5 4-61 4-64 4-68 4-73 20-53 
s 0-1 0-01 0-01 0-01 0-02 0-07 
EXPERIMENTAL 


Physical Measurements.—Full details are given in Part XXIV.1 Unless otherwise stated, 
b. p.s are corrected. All the compounds were re-fractionated immediately before the measure- 
ments were made. Every compound was examined for impurities by vapour-phase chromato- 
graphy (a Griffin & George VPC apparatus, Mark II, was employed) and by infrared spectro- 
scopy, but none was found. 

Polymethylene Glycols.—Ethylene glycol (B.D.H) (redistilled) had b. p. 197—199°; tri- 
methylene glycol (Fluka), b. p. 213—215°; butane-1,4-diol (Kodak), b. p. 223—224-5°; pentane- 
1,5-diol (Kodak), b. p. 232—-234°. The higher diols were prepared by reduction of the appro- 
priate highly purified esters with lithium aluminium hydride in ether. 

Ethyl pimelate was prepared from 1,5-dicyanopentane. Suberic acid, m. p. 141°, was 
obtained by hydrolysis of 1,6-dicyanohexane (obtained from 1,4-di-iodobutane and acetonitrile; 
see below). Azelaic acid (Kodak) was recrystallised and had m. p. 104°. 

Polymethylene Dichlorides.—These were obtained in good yield by the action of redistilled 
thionyl chloride upon the pure glycol in the presence of a little pyridine.‘ 


1 Vogel, Cresswell, Jeffery, and Leicester, J., 1952, 514. 

2 Vogel, J., 1948, 644. 

3 Jeffery and Vogel, J., 1948, 674. 

* Ahmad, Bumpus, and Strong, J. Amer. Chem. Soc., 1948, 70, 3391. 





4730 Grzeskowiak, Jeffery, and Vogel: Physical Properties and 


Polymethylene Dibromides.—The dibromides were prepared by adding the glycol to a 
mixture of constant-boiling hydrobromic acid and concentrated sulphuric acid at 0°; the 
mixture was kept for 24 hr. and then refluxed for 3 hr. Kamm and Marvel’s procedure ® gave 
poor yields and much tar with butane-1,4-diol and higher glycols. 1,4-Dibromobutane, 1,5-di- 
bromopentane, and 1,6-dibromohexane were also prepared by the phosphorus—bromine method; 7? 
the physical properties of the products were identical with those of materials obtained by use 
of hydrobromic acid-sulphuric acid. 

Polymethylene Di-iodides.—Methylene iodide was prepared from iodoform,® and trimethylene 
di-iodide from trimethylene glycol and constant-boiling hydriodic acid. The other di-iodides 
were obtained by the action of potassium iodide and orthophosphoric acid upon the glycols.® 

Polymethylene Dicyanides.—The 1,3-, 1,4-, and 1,5-dicyano-compounds were prepared from 
the diols and aqueous-alcoholic potassium cyanide.!” 1,6-Dicyanohexane and 1,7-dicyano- 
heptane were obtained from 1,4-dibromobutane and 1,5-dibromopentane, respectively, by 
interaction with acetonitrile and sodamide in liquid ammonia; 1! the small amount of cyclic 
nitrile was easily removed by fractional distillation. 

Tables 4 and 5 summarise the physical properties of all the pure compounds investigated; 
the numbering of compounds in Clarendon type follows from Part XXIX.!2 Table 4 contains 
the b. p. (at 760 mm., unless otherwise stated), rounded values of the density and surface tension 


TABLE 4. 
Compound 


(n in 
Table 3) 


B. p./ 


mm. 


de dg aa 


Dichlorides 


Y20 Yao Yeo Yss P Notes 


120° 
155° 
73-5°/14 
90°/14 
99-5°/8 
106-5°/6 
113°/3 


CeO of 


131° 
165° 
80° 
96-5°/10 
114°/11 
116-5°/6 
131°/4 
127-5°/2 


2 
3 
4 
5 
6 
7 
8 
9 


79°5°/17 

71-5°/2 
106-0°/6 
127-5°/7 
133-5°/5 
139-5°/3 
149-5°/3 
139-0°/1 


CcCe+s8 Ur wor 


106°/1 
124°/1 
140°/2 


1-1845 
1-1395 
1-1004 
1-0690 
1-0452 
1-0263 
1-0107 


2-1789 
1-9810 
1-8266 
1-7024 
1-6026 
1-5264 
1-4630 
1-4114 


3-3201 
2-5742 
2-3581 
2-1820 
2-0425 
1-9308 
1-8375 
1-7602 


0-9871 
0-9623 
0-9451 


128°/0-8 0-9316 
135°/0-7 0-9222 


ADS w 


1-1604 
1/1177 
1-0816 
1-0509 
1-0278 
1-0104 
0-9945 


2-1391 
1-9474 
1-9767 
1-6757 
1-5782 
1-5032 
1-4418 
1-3903 


3-2693 
2-5360 
2-3241 
2-1509 
2-0137 
1-9038 
1-8130 
1-7360 


0-9714 
0-9478 
0-9316 
0-9192 
0-9087 


1-1362 
1-0993 
1-0601 
1-0325 
1-0109 
0-9929 
0-9784 


1-1050 
1-0722 
1-0361 
1-0102 
0-9888 
0-9717 
0-9576 


Dibromides 


2-1000 
1-9204 
1-7718 
1-6492 
1-5531 
1-4801 
1-4190 
1-3692 


2-0486 
1-8693 
1-7290 
1-6161 
1-5209 
1-4500 
1-3916 
1-3424 


Di-iodides 


3-2177 
2-4981 
2-2900 
2-1212 
1-9855 
1-8778 
1-7873 
1-7115 


3-1523 
2-4510 
2-2476 
2-0832 
1-9500 
1-8436 
1-7530 
1-6809 


Dicyanides 


0-9573 
0-9335 
0-9177 
0-9053 
0-8955 


0-9391 
0-9157 
0-9022 
0-8884 
0-8787 


33-95 
35-41 
35-81 
35-98 
36-01 
36-12 
36-51 


40-24 
39-95 
40-85 


40-56 . 


40-32 
40-28 
39-84 
39-54 


67-00 
47-86 
47-07 
45-52 
44-50 
43-92 
43-25 
42-51 


48-12 
45-92 
44-75 
43-80 
42-82 


31-46 
33-08 
33-46 
33-70 
33-86 
34-00 
34-46 


37-50 
37-52 
38-50 
38-30 
38-14 
38-11 
37-74 
37-50 


63-75 
45-50 
44-80 
43-36 
42-18 
41-75 
41-17 
40-52 


46-02 
44-00 
42-70 
41-80 
40-78 


29-00 
30-72 
31-12 
31-32 
31-70 
31-88 
32-41 


34-96 
35-14 
36-11 
36-02 
35-92 
35-96 
35-63 
35-44 


60-50 
43-10 
42-51 
41-20 
39-90 
39-57 
39-10 
38-57 


43-93 
42-04 
40-68 
39-80 
38-75 


25-91 
27-78 
28-20 
28-44 
28-90 
29-27 
29-83 


31-62 
32-12 
33-12 
33-20 
33-16 
33-26 
33-00 
32-87 


56-52 
40-10 
39-62 
38-42 
37-00 
36-80 
36-48 
36-05 


41-33 
39-60 
38-10 
37-25 


230-3 
272-0 
313-9 
355-5 
396-6 
437-7 
480-3 


217-4 
256-6 
299-2 
341-5 
384-1 
426-3 
468-0 
509-6 


231-6 
303-0 
344-9 
386-4 
427-8 
469-7 
511-4 
553-1 


251-1 
292-7 
334-4 
375-8 


36-15 


417-1 

Nenitescu and Necsoin, J. Amer. Chem. Soc., 1950, 72, 3483. 
Kamm and Marvel, Org. Synth., Coll. Vol. I, p. 28, John Wiley & Sons, New York, 1932. 
Vogel, ‘‘ Practical Organic Chemistry,’”’ p. 281, Longmans, Green & Co., London, 3rd edn. 
Adams and Marvel, ref. 6, p. 350. 
Stone and Shechter, Org. Synth., 1951, 31, p. 31, John Wiley & Sons, New York, 195]. 

10 Kamm and Marvel, ref. 6, p. 521. 

11 Paul and Tchelitcheff, Bull. Soc. chim. France, 1949, 470. 

12 7., 1960, 4719. 
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TABLE 5. 
ny? Ny Ng [Rc [R]p (Rr Mny* Notes 

Dichlorides 

1.44592 1-44873 1-45413 1-45882 25-46 25-57 25-84 . 163-70 

1-45230 1-45466 1-46060 1-46539 30-09 30-22 30-56 184-47 

1-45428 1-45666 1-46263 1-46736 34-73 34-88 35-28 . 205-12 

1-45495 1-45733 1-46327 1-46799 39-35 39-53 39-98 . 225-62 

1-45582 1-45828 1-46412 1-46887 43-96 44-17 44-65 * 246-59 

1-45701 1-45938 1-46528 1-47000 48-59 48-81 49-34 ° 267-24 

1:-45776 1-46020 1-46606 1-47081 53-20 53-45 54-03 : 287-87 


Dibromides 
153475 1-:53874 1-54879 1-55739 26-84* 27-00* 27-42* . 289-12 * 
151965 1-52315 1-53179 1-54012 30-97 31-14 31-58 ‘ 307-48 
151551 1-51900 1-52746 1-53295 35-68 35-88 36-37 . 328-01 
150933 1-51257 1-52074 1-52845 40-36 40-57 41-12 . 347-84 
1-50327 1-50642 1-51432 1-52079 45-02 45-26 45-86 . 367-55 
1-49950 1-50249 1-51028 1-51682 49-67 49-93 50-58 : 387-67 
1-49618 1-49913 1-50674 1-51287 54-32 54-59 55-30 . 407-83 
1-49331 1-49630 1-50364 — 58-94 59-24 59-98 428-04 


Di-iodides 
1-73098  1-74037 —- — 32-24* 32:55* — 466-2 * 
1-63567 1-64199 1-65859 1-67057 41-:19* 41-52* 42-37* 485-90 * 
161551 1-62143 1-63661 1-64964 45-90 46-26 47-16 : 502-55 
159629 1-60175 1-61568 1-62762 50-53 50-91 51-86 . 518-92 
1-58132 1-58640 1-59936 1-61040 55-17 55-56 56-56 : 536-20 
156983 1-57455 1-58678 1-59728 59:80 60-21 61-26 ° 554-28 
156028 1-56484 1-57651 1-58639 64-44 64-87 65-97 ° 572-81 
155248 1-55687 1-56801 1-57754 69-04 69-50 70-64 71-61 591-73 


Dicyanides 
1-43340 1-43562 1-44103 1-44540 24-80 24-91 25:18 25:40 135-11 
1-43626 1-43854 1-44389 1-44828 29-40 29:53 29-85 30:10 155-57 
1-43921 1-44146 1-44685 1-45126 34-01 34:17 3453 34-82 176-10 
1-44142 1-44366 1-44914 1-45360 38-64 38-81 39:22 39:56 196-62 
1-44379 1-44620 1-45156 1-45605 43-25 43-45 43-91 44:28 217-25 


* Not used in the calculation of the mean values for C-X. 

a Timmermans }* gives d* 1-1862, mo 1-44692, y®® 34-01; cf. ref. 2. 6 Tischtschenko and 
Tschurbakov !4 give d}® 1-1598, mp*® 1-4566. c Hoss and Huffman ™ give d? 1-1028, mp 1-4563; 
cf. ref. 16. d Galanina’ gives d}?® 1-066, mp®®'1-4620. e Galanina '” gives 1-048, mp*° 1-4500. 
f Ahmad, Bumpus, and Strong‘ give mp*® 1-4591. g Timmermans ' gives d?® 2-1804, np®® 1-5387, 
y* 38-91; cf. ref. 2. hk Smyth and Walls '* give d?° 1-9701, mp® 1-52319; cf. ref. 2. i Smyth and 
Walls 18 give d}?° 1-8177, np*®® 1-51908; cf. ref. 2. 7 Smyth and Walls !* give d}° 1-6927, np*° 1-51255; 
cf. refs. 19, 20. & Muller and Vanc * give d?® 1-6041, mp 1-5069. J Muller and Vanc ** give d?° 
1-5306, mp*° 15034. m Refractive indices npg and mg, outside range of refractometer. Timmermans 
and Hennant-Roland * give mp* 1-74108; cf. ref. 2. m Cf. ref. 2. o Stone and Shechter * give 
d? 2-300, np* 1-615. Stone and Shechter * give d?° 2-03, mp®® 1-585; cf. ref. 24. q Cf. ref. 2. 
y Paul and Tchelitcheff ™ give d}?° 0-948, mp 1-4472. s Paul and Tchelitcheff ' give d2? 0-940, 
mp? 1-4448. ¢ Paul and Tchelitcheff ™ give d}® 0-929, np 1-4518. 


SSZHS2 Fezzzz 


82 


793 
794 
795 
796 
797 


at various temperatures, and the mean parachor; Table 5 gives the refractive indices, molar 
refractivities, and molar refraction coefficients. 
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922. The Chemistry of Extractives from Hardwoods. Part XXIX.* 
Eusiderin, a Possible By-product of Lignin Synthesis in Eusideroxylon 
zwageri. 


By J. J. Hopss and F. E. Kine. 


Eusiderin is a neutral compound C,,H,,O, occurring in the wood of 
Eusideroxylon zwageri. It contains a C-methyl, an allyl, and four methoxyl 
groups, and its recognisable degradation products are pyrogallol derivatives. 
Under demethylation conditions the dihydro-compound gives 5-n-propyl- 
pyrogallol indicating that eusiderin arises from the oxidative coupling 
through oxygen of two C,-C, phenols of the type associated with lignin 
synthesis. 


EUSIDEROXYLON ZWAGERI (family Lauracez) occurs in Borneo and Indonesia and yields 
a dense red-brown durable wood, of which limited amounts are imported into the United 
Kingdom as “ belian”’ (“ billian”’).1 Fractionation of the oily material extracted from 
the shredded timber with boiling light petroleum gave a small quantity (0-05—0-08%) 
of a crystalline levorotatory solid, C,,H,,0,. This new product, eusiderin, was unaffected 
by phenolic and carbonylic reagents, but Zeisel determinations indicated four methoxyl 
groups in the molecule. In view of their inertness, the remaining oxygen atoms were 
attributed to aryl ether linkages, possibly cyclic. 

Catalytic reduction led to a dihydro-derivative resistant to further hydrogenation. 
Whereas the Kuhn-Roth estimation revealed one C-methyl group in eusiderin, dihydro- 
eusiderin contained two. This indication of a terminal methylene group in eusiderin is in 
agreement with the formation of formaldehyde on ozonolysis, which was isolated as the 
2,4-dinitrophenylhydrazone and dimedone compound. The resemblance between the 
light absorption of eusiderin and of its dihydro-compound showed that the unsaturated 
linkage is not in conjugation with the aromatic system. 

The non-volatile oily ozonolysis product (amorphous 2,4-dinitrophenylhydrazone) was 
readily oxidised by permanganate, with loss of a further carbon atom to eusideric acid, 
characterised as its methyl ester and amide. Its light absorption resembled that of an 
aromatic acid, and like eusiderin it was optically active and contained a C-methyl group. 
Eusideric acid was decarboxylated (copper—quinoline) in good yield to a neutral product, 
CygH,0,, which from the occurrence of the system H,C°:CH-CH,° in eusiderin, was 
designated deallyleusiderin. 

Dehydrogenation experiments on dihydroeusiderin and deallyleusiderin with palladised 
charcoal or selenium were either without effect or yielded unpurifiable products; oxidation 
with selenium dioxide or lead tetra-acetate was likewise unsuccessful. Bromination of 
eusiderin and of its derivatives gave only one crystalline product, a tribromodihydro- 
eusiderin, which like the parent compound was stable to 3% methanolic potash. The 
Clemmensen reduction also was without action on eusiderin, whereas it effects reductive 
scission of the dihydrofuran ring of homopterocarpin,? a compound which appeared to have 
some resemblance to deallyleusiderin. Catalytic reduction in acetic acid—perchloric acid 
with palladised charcoal, which is effective in the hydrogenolysis of certain benzyl ethers,’ 
failed with dihydroeusiderin. 

The type of phenol present in eusiderin was revealed by the action of hydriodic acid on 
its deallyl derivative followed by acetylation; pyrogallol triacetate was then obtained. 
Reductive cleavage with sodium in liquid ammonia as applied to various aryl and alkylaryl 


* Part XXVIII, J., 1956, 4477. 


1 Hart, ‘‘ Timbers of South East Asia,” Timber Development Association, London, 1955, p. 10. 

® McGookin, Robertson, and Whalley, J., 1940, 787. 

% Hartung and Simonoff, Org. Reactions, 1953, 7, 263; Baker, Cornell, and Cron, ]. Amer. Chem, 
Soc., 1948, 70, 1490. ; 
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ethers degraded deallyleusiderin to 1-methylpyrogallol, isolated as diacetate and compared 
with a synthetic specimen. Phenolic material was also obtained by this method from 
dihydroeusiderin but neither the product nor its derivatives were purifiable. Sodium- 
alcohol reduction, which is known to reduce pyrogallol ethers to resorcinol derivatives,‘ 
failed to give any recognisable product from deallyleusiderin. 

Demethylation conditions (hydriodic acid-acetic acid) applied to dihydroeusiderin 
resulted in formation of a compound isolated as a triacetate, C,,H,,0,, m. p. 49—51°, and 
duly identified by synthesis as the 1,2,3-triacetoxy-5-propylbenzene. It was prepared by 
acetylation of the Clemmensen reduction product of 3,4,5-trihydroxypropiophenone and 
had m. p. and mixed m. p. 51°, whereas the compound correspondingly prepared from 
2,3,4-trimethoxypropiophenone had m. p. 109°. 


H 
2 -C 
HO-CH,°CH:CH OMe HO-CH,-CH:CH OMe He“ a OMe 
OH O- HO-CH, oO 


(1) (IT) (IT 


OR 
ce) 
cg 
CH,: CH-CH, OH HC CH,: CH-CH, 
OH *CHMe 
OH 
(IV) (VI) 
MeCH Lo) se 
ao (VIII) 
ao MeQ 
MeCH: vs Bi 
Me MeHC. MeCH: CH 
(VII) yee 


It follows that eusiderin contains a 5-allylpyrogallol residue with its three hydroxyl 
functions either methylated or otherwise combined in ether linkages. The existence of 
four methoxyl groups in the parent compound, which is therefore derived from a tetra- 
hydric phenol C,,H,,0,, points to the presence of a second phenolic constituent and 
although this is not necessarily based on pyrogallol it is significant that no phenolic 
degradation products have been observed other than pyrogallol compounds. 

In view of the near simple factorial relation between the molecular formula of the 
tetrademethyleusiderin C,,H,,O0, and that of the largest authenticated degradation product 
viz 5-allylpyrogallol, C,H,,03, it is probable that the C,, nucleus arises from the oxidative 
coupling of two alkylpyrogallol molecules. This hypothesis suggests a connection with 
the lignans and lignins which are generally regarded as oxidation (dehydrogenation) 
products of either coniferyl or sinapyl alcohol, the latter predominating in the lignins of 
hardwood species. 

An essential step in lignan synthesis and apparently also in the formation of the more 
complex molecules of lignins is the union of the three-carbon side-chains by oxidative coup- 
ling at the respective B-carbon atoms, with secondary condensations involving the alcoholic 
and phenolic hydroxyl groups. The process has been given a mechanistic interpretation 
by Erdtman,' the primary phase being the dehydrogenation of monomer (I) to a phenoxide 
radical (II), the resulting free-radical activity at the side-chain 8-position (III) leading to 
the characteristic 68-carbon linking. 

* Thoms and Siebeling, Ber., 1911, 44, 2135; Sonn and Scheffler, Ber., 1924, 57, 960; Asahina, Ber., 


1936, 69, 1043. 
5 Erdtman, Research, 1950, 3, 63; see also Smith, Ann. Reports, 1956, 58, 277. 
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An allyl side-chain, however, as in the pyrogallol (IV), does not admit of Cg free- 
radical formation via the phenoxide, although it is feasible in the isomeric propenyl com- 
pound to give the compound (V). The union of (IV) (or of the corresponding phenoxide 
radical) with (V), followed by o-hydroxy]l addition to the quinone-methine system, would 
lead tostructure (VI; R=H). Assuming methylation of the remaining oxygen substituents, 
i.e., OR = OMe, structure (VI), and its isomer (VIa) with the benzodioxan substituents 
reversed, have all the known features of eusiderin. Both (VI) and (VIa) are derived from 
identical C, units, have four methoxyl groups, an allyl side-chain and a C-methyl group, 
and both are asymmetric. The validity of the assumption that only 5-substituted 
pyrogallol units are involved being accepted, there is no alternative formula. Oxidative 
coupling in any other way—for example to a dihydrobenzofuran similar to the product 
(VII) obtained by Erdtman from isoeugenol,* would require carbon-carbon linkage of the 
two nuclei. This not only creates a difficulty with regard to the number of methoxyl 
groups in the final structure, but it would also preclude hydrolytic degradation to a simple 
alkylpyrogallol, as observed with dihydroeusiderin. On the other hand, a dihydrobenzo- 
furan structure cannot be excluded if an ortho-alkylphenol also is involved in the 
biosynthesis of eusiderin. With the preliminary cyclisation of an ortho-substituted 
phenoxide radical (VIII) to (IX), a dihydrobenzofuran would readily be evolved by its 
condensation with the pyrogallol (IV). The resulting structure, ¢.g., (X), has all the 
observed attributes of eusiderin, the non-appearance of hydrolytic products other than 
pyrogallol derivatives being attributable to the instability under strongly acid conditions 
of the 6-hydroxydihydrofuran primarily formed. 

On the other hand, the resistance of eusiderin to dehydrogenation reagents creates a 
difficulty. Both of the structures (VI) and (X) are theoretically capable of losing hydrogen 
from their heterocyclic nuclei, although the behaviour of the system Ar-O-CH:CHMe:0- 
and of its possible products under dehydrogenation conditions is speculative. Secondary 
changes during biosynthesis in which the C-methyl group migrates to the adjoining 
position cannot be entirely excluded and by producing a quaternary carbon would inhibit 
the loss of hydrogen. There seems, however, little doubt that this newly isolated natural 
product arises from C, units of the type generally associated with the formation of hardwood 
lignin and its occurrence in this environment very strongly suggests that it is closely 
related to the fundamental units involved in lignin synthesis of which it is a by-product. 


EXPERIMENTAL 

The Extraction of E. zwageri.—The shredded wood was extracted in batches (ca. 5-5 kg.) 
with boiling light petroleum (b. p. 60—80°; 61.) for 40 hr. Evaporation of the extract to 400 
c.c. and cooling resulted in the deposition of wax (26 g., 0-48%) which was not investigated. 
Further concentration to 70 c.c. precipitated an oil, which yielded a solid (A) (2-4 g., 0-044%) 
when triturated with methanol. Finally, evaporation gave an orange oil which was heated 
with alcoholic sodium hydroxide (5%; 150 c.c.). The unsaponifiable portion was heated 
under diminished pressure thereby giving a liquid fraction (9 g., 0-16%), b. p. 55—85°/0-1 mm. 

This fraction (9 g.) was chromatographed on alumina and from a light petroleum—benzene 
eluate (4:1) more A (1-7 g., 0-03%) was obtained. Continued elution with benzene and 
benzene-ether yielded a product (B) (0-55 g., 0-01%), m. p. 134°. 

The oil, b. p. 55—85°/0-1 mm., was redistilled from sodium; the fraction (7-7 g., 0-18%) of 
b. p. 63—64°/0-2 mm. then had the composition of a sesquiterpene hydrocarbon (Found: 
C, 88-5; H, 12-0. C,,H,, requires C, 88-2; H, 11-8%). Light absorption: max. 205, 248 mu; 
log ¢ 3-88, 2-61. It failed to give any crystalline product with hydrogen chloride in ether or 
acetic acid. Dehydrogenation with palladised charcoal at 250—280° (15 hr.) or with selenium 
(20 hr.) at 300—330° and chromatography on alumina gave oils from which 1,3,5-trinitro- 
benzene or picric acid adducts were not isolable. 

The solid A consisted of eusiderin, needles (from methanol), m. p. 94°, [aJ,,3” —25-4° (c 1-80) 
[Found: C, 68-8; H, 6-7; OMe, 30-8; C-Me, 4.0%; M, 386 (Rast), 376 (X-ray). Cy gH2,0, 
requires C, 68-4; H, 6-8; 40Me, 32-1; 1C-Me, 2:9%; M, 386). Light absorption: max. 211, 

* Erdtman, Annalen, 1933, 508, 283. 
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272 mu; log « 4-89. 3-36]. Eusiderin is easily soluble in most organic solvents except light 
petroleum; it gave no colour with alcoholic ferric chloride and a red-brown colour with 
concentrated sulphuric acid. 

Product B formed silky needles, m. p. 137°, [a],, —34° (c 2-04), from ethyl acetate—methanol, 
consisting of B-sitosterol (Found: C, 83-7; H, 12-3. Calc. for C.gH,O: C, 84:0; H, 12:2%). 
The acetate had m. p. and mixed m. p. 125—127°, [a],, —38° (c 0-71), and the benzoate, m. p. 
and mixed m. p. 141—144°. 

Dihydroeusiderin.—A solution of eusiderin (0-5 g.) in ethanol (50 c.c.) reduced in presence 
of Adams’s catalyst (0-05 g.) was saturated in 15 min. after absorbing 35 c.c. (1-1 mols.) of 
hydrogen. 

Dihydroeusiderin was obtained by evaporating the filtered solution, and it crystallised from 
aqueous methanol as prismatic needles (0-46 g.), m. p. 68° [Found: C, 67-9; H, 7-2; OMe, 30-4; 
C-Me, 6-7%; M, 343 (Rast). C,,.H,,O, requires C, 68-0; H, 7-3; 40Me, 32-0; 2C-Me, 7-7%; 
M, 388). Light absorption: max. 210, 272 my; log e 4-89, 3-73]. 

The reduction of eusiderin (0-036 g.) over palladium-—charcoal (12%) in glacial acetic acid 
(7 c.c.) containing perchloric acid (60%; 2-5%) gave similar results. Dihydroeusiderin was 
unattacked by potassium permanganate in boiling acetone. It was recovered unchanged after 
being heated in refluxing diphenyl ether for 3 hr. with 30% palladised charcoal. Treatment 
of 0-5 g. with selenium at 260—280° for 22 hr. and extraction with chloroform which was then 
passed through alumina, gave on distillation (a) 0-08 g., b. p. <140° (bath)/0-05 mm., strongly 
smelling of selenides, which was discarded, and (b) 0-11 g., b. p. 140—160° (bath)/0-05 mm., 
with only benzenoid light absorption: max. 211, 271 my; E}%,, 1220, 190. 

Tribromodihydroeusiderin.—Hydrogen bromide was evolved when a solution of dihydro- 
eusiderin (0-041 g.) in chloroform (2 c.c.) was treated at room temperature with a slight excess 
of bromine in chloroform (5%; v/v). After 1 hr., the solution was evaporated at 25° under 
reduced pressure. The residue of tribromodihydroeusiderin crystallised from methanol as silky 
needles, m. p. 120° (Found: C, 42-5; H, 4:1; Br, 37-4; OMe, 18-1. C,,H,,O,Br, requires 
C, 42-2; H, 4-0; Br, 38-5; 40Me, 19-8%). The treatment of eusiderin and methyl eusiderate 
with bromine in chloroform or acetic acid under the above conditions gave intractable gums. 

Ozonolysis of Eusiderin.—A solution of eusiderin (0-2 g.) in ethyl acetate (10 c.c.) was 
treated at —40° for 54 min. with ozonised oxygen (1-2 mol.). After dilution with ethyl acetate 
(15 c.c.), the solution was shaken with hydrogen and palladised charcoal (0-2 g., 5%) until 
absorption ceased. The filtered solution and washings (40 c.c.) were shaken with water (4 x 10 
c.c.) and aqueous 2,4-dinitrophenylhydrazine (50 c.c.) was added to the aqueous solution. 
Crystallisation from methanol of the precipitate (0-05 g.) gave orange-yellow flakes of formalde- 
hyde 2,4-dinitrophenylhydrazone, m. p. and mixed m. p. 164—165°. Similarly, formaldehyde 
dimedone derivative, m. p. and mixed m. p. 189°, was obtained from the ozonolysis. 

The main ozonolysis product remaining in the ethyl acetate solution was liquid and gave 
no crystalline derivatives. Oxidation at room temperature with potassium permanganate in 
acetone afforded eusideric acid, m. p. 238°. 

Eusideric Acid.—A solution of eusiderin (1-0 g.) in acetone (80 c.c.) was refluxed with the 
addition of potassium permanganate (2-4 g.) in small portions during 2 hr., followed by heating 
for a further hour. After filtration, the acetone solution was heated for 1 hr. with additional 
potassium permanganate (0-5 g.), and the manganese dioxide again collected. The combined 
precipitates were extracted with hot water (3 x 40 c.c.), and the aqueous extracts acidified 
to yield eusideric acid (0-79 g., 78%), which crystallised from aqueous methanol as needles, m. p. 
238° alone or mixed with the acid from the ozonolysis product, [a],, —26-1° (c 0-729) [Found: 
C, 61-5; H, 5-6; OMe, 29-5%; M, 358 (Rast); equiv., 387. C. 9H,.O, requires C, 61-5; H, 57; 
40Me, 32:8%; M, 390. Light‘absorption: max. 209, 270 mu; log e 4-81, 4-11]. 

When eusiderin (0-2 g.) in acetone (50 c.c.) was shaken with potassium permanganate (0-5 g.) 
at room temperature for 18 hr., eusideric acid (0-11 g.), m. p. and mixed m. p. 238°, was again 
isolated. 

The methyl ester, prepared with ethereal diazomethane, crystallised from methanol as 
needles, m. p. 168°, [a],, = —26-5° (¢ 1-21) (Found: C, 62-2; H, 6-0; OMe, 38-2; C-Me, 4-5. 
C,,H,,0, requires C, 62-4; H, 6-0; 50Me, 38-3; 10-Me, 3-7%. Light absorption: max. 209, 
273 mu; log e 4-79, 4-15). 

Eusideric acid (0-072 g.) was refluxed for 3 hr. with thionyl chloride (1 c.c.) and the excess 
of reagent removed under reduced pressure. Ammonia was passed through a solution of the 
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pale brown residue in benzene (3 c.c.) at 5°, and the product obtained by evaporation of the 
washed benzene solution was crystallised from aqueous methanol to give eusideramide as needles, 
m. p. 192° (Found: C, 61-5; H, 5-9; N, 3-4; OMe, 28-6. C, 9H,,0,N requires C, 61-7; H, 5-9; 
N, 3-6; 40Me, 319%). The amide (0-2 g.) in dioxan (4 c.c.) was recovered unchanged from 
a solution of sodium hypochlorite [from 0-1 g. of chlorine and sodium hydroxide (6%; 5 c.c.) 
at 0°}. 

Deallyleusiderin.—A solution of the acid (0-23 g.) in redistilled quinoline (4 c.c.) containing 
copper bronze (0-25 g.) was refluxed for 30 min., then cooled and diluted with ether (20 c.c.). 
After successive washings with hydrochloric acid (5%; 8 x 10 c.c.), water (20 c.c.), aqueous 
sodium carbonate (5%; 2 x 10 c.c.), and water (20 c.c.), the dried evaporated extract was 
dissolved in chloroform and filtered through alumina (10 cm. xX 1 cm.). Evaporation gave 
deallyleusiderin (0-14 g.) which crystallised from chloroform—methanol as needles, m. p. 135°, 
[a], —18-9° (c 0-95) (Found: C, 65-8; H, 6-4; OMe, 32-8. C,,H,.O, requires C, 65-9; H, 6-4; 
40Me, 35:8%). Light absorption: max. 214, 269 my; log « 4-53, 3-24. 

A mixture of deallyleusiderin (0-29 g.) and selenium (0-6 g.) was heated at 250—260° for 
6 hr., and the product isolated with chloroform (50 c.c.). After percolation through alumina 
(20 g.) and evaporation, a residue of deallyleusiderin (0-19 g.) was the recognisable product. 
With selenium at 280—290° for 8 hr., the product was an intractable tar. 

Deallyleusiderin (0-2 g.) was heated to 70° for 15 min. in glacial acetic acid (10 c.c.) with 
lead tetra-acetate (0-6 g.). The gum (0-11 g.) obtained on working up partly crystallised, with 
the recovery of deallyleusiderin (0-07 g.). 

Similar results were obtained with dihydroeusiderin. 

No deposition of selenium occurred when deallyleusiderin (0-005 g.) was refluxed for 24 hr. 
with fresh selenium dioxide (0-005 g.) in ethyl acetate (2 c.c.), acetic acid (95%; 2c.c.), or pentyl 
alcohol (2 c.c.). Dihydroeusiderin under similar conditions appeared to undergo reaction 
(selenium deposited) but only dihydroeusiderin, isolated as its tribromo-derivative (0-08 g.), 
was obtained. ' 

Deallyleusiderin was recovered after being shaken overnight with aluminium chloride 
(0-078 g., 2 mol.) in benzene (3 c.c.) and ether (5 c.c.), followed by heating under reflux for 5 hr. 
The phenolic gum (0-06 g.) obtained from deallyleusiderin (0-076 g.) by refluxing it for 4 hr. 
with aluminium chloride (0-094 g., 3 mol.) in dry benzene (5 c.c.), etc., was heated at 100° with 
benzoyl chloride (0-2 c.c.) and pyridine (2 c.c.). Isolation in the usual manner gave an oil, 
b. p. 140—160° (bath)/0-1 mm. (Found: C, 76-7; H, 5-4; OMe, 9-7%). 

Hydriodic Acid Cleavage-—(A) Of deallyleusiderin. The deallyl compound (0-2 g.) was 
refluxed for 30 min. with hydriodic acid (68%; 2 c.c.), acetic acid (3 c.c.), and red phosphorus 
(0-2 g.) in an atmosphere of nitrogen, and the brown mixture evaporated under reduced pressure, 
and treated with water (20 c.c.). The solution extracted with ether (4 x 20 c.c.) containing 
sulphur dioxide, dried, and evaporated under nitrogen yielded a red-brown gum (0-08 g.) which 
was treated with acetic anhydride (1 c.c.) and pyridine (2 c.c.) at 100° for 1 hr. The reagents 
were then removed in vacuo, water (10 c.c.) was added, and the mixture was extracted with 
ether (4 x 5c.c.). Evaporation of the dried extract left a brown gum (0-13 g.) which sublimed 
at 120—150° (bath)/0-2 mm. The cream solid (0-026 g.) thus obtained crystallised from 
methanol as needles, m. p. 161—163°, alone or mixed with pyrogallol triacetate (Found: 
C, 57-5; H, 5-1; OAc, 50-83%; M, 225 (Rast). Calc. for C,,H,,0,: C, 57-1; H, 4:8; 30Ac, 
51-2%; M, 252). 

(B) Of dihydroeusiderin. The dihydro-derivative (0-2 g.) was refluxed for 1 hr. with acetic 
acid (1-5 c.c.) and hydriodic acid (68%; 1-5 c.c.) containing red phosphorus (0-2 g.), and the 
mixture evaporated at 100° in vacuo. The residue was dissolved in water (6 c.c.), and the gum 
isolated from it with ether (8 x 5c.c.) was heated at 100° for 2 hr. with acetic anhydride (1 c.c.) 
and pyridine (1 c.c.). The product, isolated as in the previous experiment, was sublimed at 
0-1 mm. to yield fractions, (i) (0-08 g.), b. p. 120—140°, (ii) (0-06 g.), b. p. 140—180°; (iii) 
(0-02 g.), b. p. 180—200°, and (iv) (0-01 g.), b. p. 200—240° (temp. are bath). Fraction (i) 
was redistilled at 120—140° (bath)/0-1 mm., to yield an oil (0-04 g.) which slowly crystallised. 
The acetate separated from methanol as prisms, m. p. 49—51° undepressed by 1,2,3-triacetoxy-5- 
n-propylbenzene (Found: C, 61-1; H, 5-7; OAc, 46-1. C,,H,,0O, requires C, 61-2; H, 6-2; 
30Ac, 43-9%). Fraction (ii) redistilled as an uncrystallisable gum (Found: C, 61-9; H, 6-1; 
OAc, 39-5%). No homogeneous products were isolated from fractions (iii) and (iv). 

With boiling aqueous hydrobromic acid (48%; 3 c.c.) and acetic acid (3 c.c.) for 3 hr., and 
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working up in the manner of (A), dihydroeusiderin (0-2 g.) gave an uncrystallisable brown oil 
(0-14 g.), which after 15 hours’ refluxing in acetone (10 c.c.) with dimethyl sulphate (0-3 g.) and 
potassium carbonate (0-5 g.) gave a non-phenolic oil (0-11 g.). Chromatography of this on 
alumina (20 g.) failed to give any crystalline fraction. 

(C) Of eusideric acid. The acid (0-18 g.), hydriodic acid (1 c.c.), acetic acid (1-5 c.c.), and 
red phosphorus (0-2 g.) were heated for 30 min., and the product isolated by evaporation was 
treated with aqueous sodium carbonate (5%; 10 c.c.) and extracted with ether (4 x 10 c.c.) 
(extract A). The acidified aqueous phase was further extracted with ether (8 x 10 c.c.), 
giving extract (B). 

Acetylation (as above) of the contents (0-06 g.) of extract (A) gave no material volatile at 
200°/0-1 mm. (bath). Extract (B) contained a brown gum (0-05 g.) which gave a green colour 
followed by a black precipitate with alcoholic ferric chloride. It yielded no characterisable 
acetylation products. 

Sodium-—Liquid Ammonia Cleavage.—(A) Of deallyleusiderin. A solution in benzene (5 c.c.) 
of deallyleusiderin (0-31 g.) was poured into liquid ammonia (30 c.c.), then sodium (0-46 
g.), was added in small portions with stirring during 1 hr., and the solution left for 12 hr. 
Water (5 c.c.) was then introduced and the ammonia allowed to evaporate; after which more 
water (30 c.c.) was added and the solution washed with ether (2 x 50 c.c.). Extraction with 
ether (6 xX 25 c.c.) and ethyl acetate (4 x 25 c.c.) of the acidified, blue aqueous solution yielded 
on evaporation a brown gum which was treated with acetic anhydride (1 c.c.) and pyridine 
(1 c.c.). Sublimation of the product gave a light-red oil (0-03 g.), b. p. 120—160° (bath) /0-05 
mm., which crystallised in prisms from benzene-light petroleum (b. p. 40—60°) to yield a solid 
(0-016 g.), m. p. after resublimation 91°, undepressed by 2,3-diacetoxyanisole. The identity 
of the two specimens was also apparent from the infrared spectra. 

The reduction of deallyleusiderin (0-32 g.) with sodium (1-1 g.) added to its alcoholic solution 
(15 c.c.) gave an oil (0-22 g.) (mainly alkali-insoluble) which gave an amorphous precipitate 
with Brady’s reagent. 

(B) Of dihydroeusiderin. Dihydroeusiderin (0-47 g.) in ether (10 c.c.) was added to liquid 
ammonia (60 c.c.) containing sodium (0-26 g.), and the mixture left with occasional stirring 
for 7 hr. Isolation as above yielded a phenolic oil (0-11 g.) which gave a green colour with 
alcoholic ferric chloride, but neither the oil nor its acetylation product could be crystallised. 
The non-phenolic portion (0-21 g.) was a pale yellow gum containing dihydroeusiderin (0-1 g.) 
and gave an amorphous 2,4-dinitrophenylhydrazone. 

1,2,3-Triacetoxy-4-propylbenzene.—2,3,4-Trihydroxypropiophenone (4-8 g.), prepared as by 
Campbell and Copenger, was refluxed with zinc amalgam (5%; 20 g.) and hydrochloric acid 
(6N; 30 c.c.) for 6 hr., additional hydrochloric acid (concentrated; 1 c.c.) being added hourly. 
The solid remaining was 1,2,3-trihydroxy-4-propylbenzene (95%; 42 g.), needies (from 
benzene), m. p. 110° (lit., m. p. 110—111°). With acetic anhydride and pyridine it gave 
1,2,3-triacetoxy-4-propylbenzene (1-4 g.), prisms (from methanol), m. p. 109° (Found: C, 61-2; 
H, 6-1; OAc, 47-8. C,;H,,O, requires C, 61-2; H, 6-2; 30Ac, 43-9%). 

1,2,3-Tviacetoxy-5-propylbenzene.—A solution of 3,4,5-trimethoxypropiophenone (2 g.) in 
ethanol (10 c.c.) was refluxed for 8 hr. with amalgamated zinc (5%; 5 g.) and hydrochloric acid 
(concentrated; 10c.c.), with further amounts of acid (2 c.c.) added every 2 hr. The product, 
b. p. 130—160° (bath)/12 mm., was heated for 30 min. with boiling hydriodic acid (5 c.c.). 
The mixture was concentrated under reduced pressure, diluted with water (15 c.c.), and 
extracted with ether (4 x 10 c.c.) containing sulphur dioxide. The phenolic product thus 
isolated was acetylated as above, and the acetate twice distilled giving an oil, b. p. 140— 
150° (bath)/0-1 mm., which slowly solidified. Crystallisation from methanol gave 1,2,3- 
triacetoxy-5-propylbenzene as prismatic needles, m. p. and mixed m. p. 51—52°. 

2,3-Diacetoxyanisole.—o-Vanillin (15-2 g.) was converted by the Dakin reaction into 2,3-di- 
hydroxyanisole (10-7 g., b. p. 127—-129°/14 mm.), and acetylation (1 g.) with acetic anhydride 
(5 c.c.) and pyridine (5 c.c.) yielded the diacetate. After recrystallisation from methanol and 
vacuum sublimation, it formed rectangular prisms, m. p. 91° (lit., m. p. 91°) (Found: C, 59-2; 
H, 5-3; OMe, 14-6; OAc, 41-7. Calc. for C,,H,,0,: C, 58-9; H, 5-4; 1OMe, 13-8; 2O0Ac, 38-4%). 

Eusiderohydrazide.—Methy] eusiderate (0-2 g.) was refluxed for 12 hr. with hydrazine hydrate 
(90%; 2 c.c.) and ethanol (5 c.c.). The hydrazide separated on cooling and crystallised from 
ethanol as long silky needles (0-18 g.), m. p. 212° (Found: C, 59-5; H, 6-3; N, 6-7; OMe, 30-9. 
CyoH,,0,N, requires C, 59-5; H, 6-0; N, 6-9; 40Me, 30-7%). 
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A solution of the hydrazide (0-15 g.) in hydrochloric acid (12%; 8 c.c.) treated at —5° with 
sodium nitrite (0-07 g.) in water (0-4 c.c.) and then raised to 10°, gave a white solid which was 
heated in slowly distilling ethanol (10 c.c.) and benzene (5 c.c.) for 4 hr., ethanol (8 c.c.) being 
added to maintain a constant volume. The non-crystalline residue obtained by evaporation 
was refluxed for 18 hr. with hydrochloric acid (3 c.c.) and acetic acid (2 c.c.), the solution 
evaporated under reduced pressure, and the residue shaken with aqueous ammonia (5%; 5c.c.) 
and ether. Trituration with methanol gave purple-tinged prisms (0-05 g.), m. p. 183—186° 
(Found: C, 59-0; H, 6-6; N, 3-1; OMe, 25-4. C,.H,,O,N requires C, 60-9; H, 6-2; N, 3-2; 
40Me, 28-6%). Eusideroyl chloride did not react with freshly activated sodium azide in 
boiling dry benzene. 

A solution of eusideric acid (0-2 g.) in sulphuric acid (concentrated; 0-4 c.c.) was treated 
at 30° with hydrazoic acid (0-05 g.) in chloroform (1 c.c.), but addition of the red solution to 
aqueous sodium carbonate (10%; 10 c.c.) and crushed ice gave an intractable red oil. 
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923. The Chemistry of Extractives from Hardwoods. Part XXX.* 
The Constitution of Katonic Acid, a Triterpene from Sandoricum 
indicum.t 

By F. E. Kine and J. W. W. Morcan. 


Katonic acid has been shown to be 3a-hydroxyolean-12-en-29-oic acid 
by its conversion into $-amyrene, epi-f-amyiin, and 30-nor-$-amyra- 
9(11),13(18)-diene-12,19-dione. Acetylation of katonic acid by acetic 
anhydride and perchloric acid gives an anomalous product which has tenta- 
tively been assigned the constitution (III; R = Ac). 

A minor extractive, indicic acid, is an ester of katonic acid in which the 
3-hydroxyl group is combined with an unidentified triterpene acid. 


Sandoricum indicum (family Meliaceae) is found in the forests of Burma, Siam, and the 
East Indies, where the timber, katon, is used locally for cart- and boat-building. The red- 
brown heartwood contains terpenaceous material which can be extracted from the shredded 
wood with boiling light petroleum. The white solid deposited from the cold solution 
consists essentially of a new triterpene, katonic acid (0-36—0-91% of the wood), and a 
small amount (0-04%) of a second triterpene, indicic acid. The main petroleum-soluble 
extract is divisible into steam-volatile oil (3-0%) and an acidic resin (2-0%), but these 
fractions have not yet been examined. 

Katonic acid, m. p. 285—287°, [&], +47°, has the molecular formula C,)H,,05, and 
responds to the Liebermann—Burchard and the Tschugaeff test. It dissolves in aqueous- 
ethanolic sodium hydroxide, and the presence of a carboxyl group is confirmed by the 
ready formation of a methyl ester under Fischer—Speier conditions, thereby also demonstrat- 
ing its unhindered nature. Likewise, the acid can be regenerated from the methyl ester 
under mild conditions of alkaline hydrolysis. Katonic acid and its methyl ester each 
form a monoacetate, establishing the presence of the remaining oxygen as an alcoholic 
hydroxyl group. Derivatives of katonic acid impart a yellow colour to tetranitromethane, 
but there is no evidence of conjugation in the ultraviolet absorption spectrum; the end 
absorption corresponds to that of a trisubstituted double bond.1 Katonic acid and its 
derivatives are unaffected, however, by catalytic hydrogenation and by perphthalic acid. 

* Part XXIX, preceding paper. 

t Presented in a summarised form at the Chemical Society Symposium ‘‘ Recent Advances in 
Terpenoid Chemistry,” Glasgow, July 1957. 

1 Bladon, Henbest, and Wood, J., 1952, 2737. 
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The carbon skeleton of katonic acid was established by the annexed series of reactions 
which resulted in the formation of 8-amyrene, confirmed by comparison with an authentic 
specimen. The location of the hydroxyl group at position 3 was inferred from the positive 
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-OH CrO,- =O Wolff- -H 
-CO,Me pyridine { -CO,Me _ Kishner —-CO,Me 
Me katonate Me katononate Me 3-deoxykatonate 
LiAlH, = Oppenauer -H Wolff- -H 
{<CH,on -CHO Kishner (cu, 
3-Deoxykatonol 3-Deoxykatonal f-Amyrene 


Zimmermann reaction given by methyl katononate,? and the large negative shift in mole- 
cular rotation occurring on acetylation (A, — 148°) indicated that it was oriented axially, 
an inference supported by bands at 1068s, 1037w, and 992s cm.* in the infrared spectrum 
of katonic acid.* Further, reduction of methyl katononate by sodium borohydride 
affords an epimer. The unusual axial configuration of the hydroxyl group was evident 
also from the dehydration of methyl katonate by phosphorus pentachloride without ring 
contraction to methyl dehydrodeoxykatonate,* as was shown by its hydrogenation to 
methyl deoxykatonate. Final confirmation of the situation of the hydroxyl group was 
obtained by establishing a relation with epi-8-amyrin as in the annexed scheme. 


~OAc SOCI, -OAc NaBH, 
{co,H -COcl pyridine 
Katonic acid Katonoyl chloride 
acetate acetate 
-OAc = —OAc henrete * 
eR See “HO “xa” = pi-f-amyrin 
Katonol Katonal 
3-acetate 3-acetate 


The easy esterification of katonic acid, now related to the -amyrin group of triterpenes, 
indicates that the carboxyl is at position 4 or 20. However, the former position can be 
rejected since katononic acid does not display the ready decarboxylation of a $-keto-acid; 
moreover, both methyl olean-12-en-23-oate and olean-12-en-24-oate are known 5 and are 
different from methyl 3-deoxykatonate. 

Proof that the carboxyl group is indeed attached at position 20 was obtained by 
oxidation of methyl epikatonate acetate with selenium dioxide. The resulting dienedione 
was saponified and concommitantly decarboxylated to give the nor-§-amyradienedione 
(I) identical with that obtained similarly from methyl 11-deoxo-188-glycyrrhetate acetate.® 
However, from a comparison of corresponding derivatives of epikatonic and 11-deoxo- 
188-glycyrrhetic acid (Table) it is clear that the carboxyl group has opposite configurations 
in the two series of compounds. Since in 188-glycyrrhetic acid it has the §-axial con- 
figuration,’ in katonic acid the carboxyl group must be «-equatorial and this accords with 
its ease of esterification. Katonic acid is therefore 3a-hydroxyolean-12-en-29-oic acid 
(I; R=H). 

With acetic anhydride—pyridine katonic acid yields a normal crystalline acetate, 
probably via a syrupy mixed ahhydride. With acetic anhydride—perchloric acid, however, 
a new product C,,H,4,Os, [a], —273°, Amax. 273 my (¢ 8900), is obtained which contains an 
O-acetyl group and is non-acidic. The second compound is also formed by further treat- 
ment of katonic acid acetate with acetic anhydride—perchloric acid, but methyl katonate 

* Barton and de Mayo, J., 1954, 887. 

® Cole, J., 1956, 4868. 

* Barton, Experientia, 1950, 6, 316. 

: Vogel, Jeger, and Ruzicka, Helv. Chim. Acta, 1951, $4, 2321. 


Ruzicka and Jeger, Helv. Chim. Acta, 1942, 25, 775. 
* Beaton and Spring, J., 1955, 3126. 
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11-Deoxo-188- 11-Deoxo-18f- 
glycyrrhetic Epikatonic glycyrrhetic Epikatonic 
acid acid acid acid 
Me ester m. p. 248° « 199—200° Decarboxyl- m.p. 255—256-5° 256—257° 
[«]p +108 +58 ated [«]p —42 —40 
acetate [alp +120 +54 loge 411 4:13 
Dienedione m.p. 239—240 233—234 a m. p. 279—280°® 278—279-5 
of Me ester (alp — 69 — 168 acetate 
acetate Amax. 278—279 mp 277 mp 
log € 4-22 4-12 


* Ruzicka, Leuenberger, and Schellenberg, Helv. Chim. Acta, 1937, 20,1271. ° Ruzicka and Jeger, 
ibid., 1942, 25, 775. 


gives a normal acetate with this reagent. The anomalous acetylation product is hydrolysed 
to a new compound, C,,H,,0,, and is recovered from it by normal acetylation. 

The new acetate appears to contain a ketonic carbonyl group, seemingly formed by 
cyclisation of the carboxyl as in (III; R= Ac). Examination of a molecular model 
shows that this ring closure can occur without affecting the configuration of either c/p 
or D/E ring junction but requires conformational changes with the result that ring D acquires 
the boat form whilst ring E assumes its original chair conformation. It is significant 
that 11-deoxo-18$-glycyrrhetic acid, on the other hand, in which the carboxyl group has 
the opposite $-axial conformation, simply undergoes normal acetylation. The infrared 
absorption of the new product at 1648 and 1635 cm. is somewhat low for a typical con- 
jugated ketonic carbonyl, but the acetate-carbonyl absorption at 1728 cm.* is normal. 
The ketonic group is sterically hindered and no carbonylic derivatives have been obtained. 
That it arises from the carboxyl group of katonic acid and not from an entering acetyl 
group is demonstrated by using propionic anhydride—perchloric acid as reagent; hydrolysis 
of the resulting propionate again yields the compound C,,H,,O, obtained via the anomalous 
acetate. Other experiments have established that catalytic amounts only of perchloric 
acid are required, thus showing that the reaction does not involve oxidation products. 
The necessity for a strongly ionising reagent (acetic anhydride—perchloric acid) suggests 
that the kation (C,,H,,O)CO*, probably formed from mixed anhydride, is an essential 
intermediate. 


HO,C. 


RO 





oc RHC 


AcO 
i (111) ; (IV) 
An ambiguity exists in the occurrence of maximum ultraviolet absorption for the new 
ketone at 273 mu, which is outside the normal limits of 225—252 my for an «f$-unsaturated 
ketone,® although for cyclopentylidenecyclopentanone Amax. 259 my has been recorded.’ 


® Woodward, J. Amer. Chem. Soc., 1942, 64, 76. 
® French and Wiley, J. Amer. Chem. Soc., 1949, 71, 3702. 
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The observed value is in fact within the range 269—317 my recorded for dienones ” 
although other triterpene dienones have maximum absorption at appreciably higher 
wavelengths than the katonic acid derivative (e.g., methyl 18-dehydroglycyrrhetate 
acetate, Amax. 280 mu: nor-8-amyra-12,17-dien-1ll-one acetate, Amex. 297 mu). Nevertheless 
no purely chemical indication of a second olefinic bond has been obtained. Catalytic 
hydrogenation of the anomalous acetate results in the absorption of 2 mols., the keto- 
group being reduced to methylene. This is evident from the molecular formula of the 
product Cy,H,,O, and the disappearance of infrared absorption at 1646 and 1635 cm.*. 
Ultraviolet absorption is maximal at 217 my (e 5400) which again is intermediate between 
the normal absorption region for isolated and conjugated double bonds. Reduction with 
lithium aluminium hydride produces a diol with Amax, 223—-224 my (e 5200). 

The ultraviolet absorption of the reduced compounds is in agreement with the presence 
of a conjugated cyclopropane system, but this possibility can be excluded since neither the 
anomalous acetate nor its catalytic reduction product showed additive reactions with 
hydrogen chloride. The reduction product, however, underwent isomeric change with 
this reagent to a substance showing end absorption consistent with presence of an isolated 
trisubstituted double bond. If, therefore, expression (III; R = Ac) is accepted for the 
ketone acetate, the product of catalytic hydrogenation becomes (IV; R = H), and that 
from lithium aluminium hydride reduction (IV; R = OH). 

Present in crude katonic acid and separated by its low solubility in chloroform was a 
second crystalline product, indicic acid (average yield 0-04°% of the wood), m. p. 254— 
255°, [a], +70°. A tetranitromethane test was negative but unsaturation was revealed 
by ultraviolet end absorption. Evidence for the carboxyl group was the slow formation 
of a methyl ester in boiling 3°, methanolic hydrogen chloride. The spectrum of methyl 
indicate in the 3400—3600 cm. region has no absorption characteristic of hydroxyl, so 
that indicic acid does not contain a free alcoholic group; nor does it respond to carbonyl 
reagents. 

The formula originally attributed to indicic acid, 7.¢., CggHygO3, was revised to CygH 0g 
when as a result of mild alkaline hydrolysis it was decomposed into katonic acid and a 
further triterpene, ‘C3,H,,0,, m. p. 304—306° (Liebermann-Burchard colour magenta; 
tetranitromethane test negative). Full identification of the new triterpene has not been 
possible, but it has the properties of a dicarboxylic acid. Thus, diazomethane, or long 
treatment with 3% methanol-hydrogen chloride, produced a neutral dimethyl ester, 
m. p. 135—136°, while less prolonged reaction led to an acid monomethyl ester, m. p. 
228—229°, from which the neutral ester was obtained by further methylation. The 
ultraviolet absorption of the normal ester is indicative of a tri- or even tetra-substituted 
double bond. Indicic acid has, therefore, the partial structure (II; R = C,,H,,O,) but 
owing to insufficiency of material characterisation of the residue C,,H,,0, remains incom- 
plete. 


EXPERIMENTAL 


Unless otherwise stated, specific rotations are given for ~1% solutions in CHCl, at room 
temperature, ultraviolet absorption spectra of ethanolic solutions were measured on a Unicam 
S.P. 500 spectrophotometer, and analytical specimens were dried at 150—160° in a vacuum. 
Light petroleum was of b. p. 60—80°. 

Extraction of Sandoricum indicum Heartwood.—Yields varied for different samples of timber 
but a typical extraction is given. The finely shredded heartwood (7:15 kg.) was extracted 
for 18 hr. with boiling light petroleum, giving a white solid (112 g.) suspended in a green (some- 
times red) petroleum solution. The filtered petroleum solution was evaporated to a syrup 
(365 g.) which was separated into a steam-volatile oil (220 g.) and a non-volatile resin (145 g.). 
The white solid dissolved almost completely in chloroform, leaving an insoluble residue (14-2 g.) 


%” Evans and Gillam, /., 1946, 432. 
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which was a mixture of wood chips and crude indicic acid. The chloroform-soluble part 
(90-5 g.) was dissolved in 2-5 1. of methanol; the solution, on concentration to 1 1. and cooling, 
deposited stout needles of katonic acid, m. p. 277—-278° (44 g.). 

Katonic Acid.—Repeated crystallisation of the crude crystals from methanol gave pure 
katonic acid, m. p. 285—287° (vac.), [a], +47° (Found, for a sample dried at room temperature; 
C, 76-2; H, 10-8. C39H,,0,,CH,°OH requires C, 76-2; H, 10-7. Found, after drying at 160° 
in a vacuum: C, 79-3; H, 10-6; wt. loss, 7-5. Cs,H,,O, requires C, 79-0; H, 10-6; wt. loss, 
6°7%), €219 3740, €299 705. The compound was insoluble in aqueous sodium hydroxide; a 
portion (1—2 mg.) was dissolved in ethanol, and sufficient water just to cause precipitation 
was added: addition of one drop of aqueous sodium hydroxide redissolved the precipitate. 
A magenta colour is produced in the Liebermann—Burchard test, and with Tschugaeff’s reagent 
an initial pink colour changes rapidly to orange and then reddish-brown. No colour is pro- 
duced with tetranitromethane. 

A suspension of katonic acid (0-5 g.) in 3% methanolic hydrogen chloride (10 ml.) was 
boiled under reflux for 4 hr. during which the solid dissolved. On cooling, stout needles of 
methyl katonate (0-38 g.), m. p. 189—190°, [a], +47° (Found: C, 79-3; H, 10-8. C,,H;,,0, 
requires C, 79-0; H, 10-6%), which gave a yellow colour with tetranitromethane were obtained, 
The acetate, m. p. 201—202°, [a],, +14° (Found: C, 77-4; H, 10-1; OAc, 8-4. C,,H,,0, requires 
C, 77-3; H, 10-3; OAc, 8-4%), was obtained by the action of acetic anhydride and pyridine 
on the ester. 

A solution of methyl katonate (0-2 g.) in 1% ethanolic potassium hydroxide (50 ml.) was 
boiled for 3 hr. and then poured into water (150 ml.) and chloroform (50 ml.). The resultant 
emulsion was broken by sodium chloride, giving a white solid insoluble in either layer. This 
solid and the separated aqueous layer were acidified, and the product was extracted into chloro- 
form which on evaporation gave crystals of katonic acid (0-14 g., 72%), m. p. and mixed m. p. 
284—285° (vac.). 

Methyl Katononate.— A solution of methyl katonate (0-7 g.) in pyridine (7 ml.) was added 
to a suspension of the complex prepared by dissolving chromic acid (0-7 g.) in pyridine (7 ml.); 4 
the mixture was kept at room temperature overnight, then diluted with water and extracted 
with ether. Evaporation of the ethereal solution (after washing with acid, base, and water) 
gave a solid which by two recrystallisations from methanol gave iridescent plates of methyl 
hatononate (0-47 g.), m. p. 157—158°, [a],, +80° (Found: C, 79-7; H, 10-7. C;,H,,O, requires 
C, 79-4; H, 10:3%). The compound gave a positive Zimmermann test ? and a 2,4-dinitro- 
phenylhydrazone, m. p. 213—214° (Found: C, 68-3; H, 8-0; N, 9-0. C3,H;,O,N, requires 
C, 68-5; H, 8-1; N, 86%), Amax, 367 my (¢ 26,000 in CHCI,). 

Methyl 3-Deoxykatonate.—Methyl katononate (0-5 g.), 90% hydrazine hydrate (1-5 ml.) 
and potassium hydroxide (1-5 g.) in ethylene glycol (15 ml.) were boiled under reflux for 1-5 hr. 
Distillate was then removed until the vapour temperature reached 180°, and boiling was con- 
tinued for another 3 hr. The product was diluted with water, then acidified, and the solid 
was collected in ether. The white solid obtained on evaporation was boiled for 1-5 hr. with 
3% methanolic hydrogen chloride (50 ml.). Plates of methyl 3-deoxykatonate (0-39 g.), m. p. 
166—167°, [aJ, +66° (Found: C, 81-9; H, 11-3. C,,H,,0, requires C, 81-9; H, 113%), 
requiring no further purification, were deposited from the solution. 

3-Deoxykatonol.—Methy]1 3-deoxykatonate (0-8 g.) in dry ether (25 ml.) was added dropwise 
to a boiling 0-32m-solution of lithium aluminium hydride in ether (33 ml.), and boiling was 
continued for 6 hr. Excess of hydride was decomposed by dropwise addition of methanol, 
then the mixture was diluted with water and acidified and the product extracted by ether. 
Recrystallisation of the solid from methanol gave needles of 3-deoxykatonol (0-65 g.), m. p. 
167—168°, {a],, +90° (Found: C, 84-7; H, 12-0. Cj 9H,,O requires C, 84-4; H, 118%). 

3-Deoxykatonal.—A solution of 3-deoxykatonol (2 g.) and p-benzoquinone (6 g.) in toluene 
(200 ml.) was concentrated to 160 ml., aluminium t-butoxide (2 g.) was added, and the mixture 
was boiled for 3 hr. Excess of quinone was removed by steam-distillation and the product 
was extracted by ether. The ether solution, after having been washed with dilute sodium 
hydroxide, yielded a white solid (1-4 g.) which was purified by passing it in light petroleum 
solution through a column of alumina and recrystallising the eluted solid four times from 
ethanol. Pure 3-deoxvkatonal has m. p. 165—166° (with evolution of a gas; tube inserted 





11 Poos, Arth, Beyler, and Sarrett, J. Amer. Chem. Soc., 1953, 75, 422. 
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10° below m. p.), [aJ, +101° (Found: C, 84-5; H, 11-5. Cy 9H,,O requires C, 84-7; H, 11-4%), 
and gives a 2,4-dinitrophenylhydrazone, m. p. 200—202° (Found: C, 71-6; H, 8-6; N, 9-6. 
CygH52O,N, requires C, 71-5; H, 8-7; N, 9°3%), Amax 360—361 my (e 24,400 in CHCI,). 

p-Amyrene.—The reduction of 3-deoxykatonal (0-5 g.) was carried out as described for 
methyl katononate. The product was recrystallised from ethanol-light petroleum and gave an 
unidentified compound (0-08 g.), decomp. > 250°, and B-amyrene (0-25 g.), m. p. 159°, [aJ,, +96° 
(Found: C, 87-4; H, 12-4. Calc. for Cyg5H;,: C, 87-7; H, 123%). The latter compound 
depressed the m. p. of the starting compound, but did not depress that of authentic B-amyrene, 
m, p. 161—162°, kindly supplied by Professor E. R. H. Jones and Dr. T. G. Halsall. 

Action of Phosphorus Pentachloride on Methyl Katonate.—Phosphorus pentachloride (1 g) 
was added to a solution of methyl katonate (1 g.) in light petroleum (100 ml.) at room temperature 
and after 100 min. the mixture was heated under reflux for l hr. The cooled petroleum solution 
was washed with water, dried, and passed through a column of alumina. The eluted product, 
recrystallised from light petroleum, was methyl dehydro-3-deoxykatonate, m. p. 158—159°, [a], 
4+-107° (Found: C, 82-3; H, 10-6. C;,H,,O, requires C, 82-2; H, 10-7%). 

Reduction of this compound by hydrogen over a platinum catalyst in glacial acetic acid 
gave methyl 3-deoxykatonate, m. p. and mixed m. p. 166—167°, [a],, + 65°. 

Katonic Acid Acetate-—Katonic acid (10 g.) in pyridine (100 ml.) containing acetic anhydride 
(20 ml.) was boiled for 1 hr. The solid obtained by pouring the mixture into water was tri- 
turated with aqueous ammonia for ~30 min., then filtered off and stirred with dilute hydro- 
chloric acid. The product was washed with water and recrystallised from light petroleum, 
to give blades of katonic acid acetate (6-5 g.), m. p. 221—223°, [a], +18° (Found: C, 76-9; 
H, 10-0. C3.H, OQ, requires C, 77-0; H, 10-1%), €o19 3800, eo9 800. 

The acid chloride was prepared by the action of thionyl chloride on the acetate. Re- 
crystallisation from light petroleum gave katonoyl chloride acetate, m. p. 172—174°, [a], +17° (c 
0-8 in C,H,) (Found: C, 74-2; H, 9-6; Cl, 6-5. C3,H,,O,Cl requires C, 74-4; H, 9-6; Cl, 
6-9%). 

Katonol 3-Acetate-—The above acid chloride (1-67 g.) in pyridine (15 ml.) was added to a 
solution of sodium borohydride (0-3 g.) in pyridine (10 ml.), and the mixture was kept at room 
temperature for 2 hr. The resulting gel was stirred into dilute hydrochloric acid, leaving a white 
precipitate which was collected and boiled with alcohol (25 ml.) for 16 hr. Evaporation of 
the alcohol left a syrup which when stirred under light petroleum gave a white solid (0-76 g.). 
The evaporated petroleum mother-liquor was boiled for another 17 hr. with alcohol, and another 
0-35 g. of the white solid was obtained. The combined solids, in ether, were chromatographed 
on alumina, thus giving katonol 3-acetate (0-5 g.) which after two recrystallisations from light 
petroleum had m. p. 207—208°, [a], +40° (Found: C, 79-5; H, 11-1. C,,H;,0, requires 
C, 79-3; H, 10-8%). 

Epi-B-amyrin.—Oppenauer oxidation as described for the preparation of 3-deoxykatonal 
was used to oxidise katonol 3-acetate (0-6 g.) to katonal 3-acetate (0-25 g.), m. p. 162—163° 
(with evolution of a gas), [a],, +42°. The aldehyde was purified by chromatography on 
alumina in light petroleum solution and subsequent recrystallisation from ethanol, and was 
characterised as the 2,4-dinitrophenylhydrazone, m. p. 240—241° (Found: C, 69-0; H, 8-3; 
N, 86. C,,H,,O,N, requires C, 68-8; H, 8-2; N, 8-5%). 

Wolff-Kishner reduction of the aldehyde (0-144 g.) under the conditions outlined for the 
preparation of methyl 3-deoxykatonate gave a product which was chromatographed on alumina 
in ether-light petroleum (1:1). Elution with ether gave crystals of epi-8-amyrin (0-06 g.), 
m. p. 225—226-5°, [a], +77° (Found: C, 84-8; H,11-9. Calc. for CygH,,O: C, 84-5; H, 11-8%). 
Ruzicka and Wirz ™ give m. p. 225°, {a],, +73°, for this compound, and the m. p. of the sample 
obtained in the present work was undepressed on admixture with an authentic sample kindly 
provided by Dr. W. Klyne. 

Methyl Epikatonate.—Sodium borohydride (0-15 g.) in methanol (20 ml.) was added to a 
solution of methyl katononate (0-5 g.) in methanol (100 ml.), and the mixture was kept at room 
temperature for 20 hr. Evaporation of the solution gave a residue which was boiled with 3% 
methanolic hydrogen chloride (25 ml.) for another 16 hr. The filtered solution, on cooling, 
deposited plates of methyl epikatonate (0-35 g.), m. p. 199—200°, [a], +58° (Found: C, 79-1; 
H, 10-5. C3,H590, requires C, 79-0; H, 10-6%). The acetate, m. p. 245—246°, [oj,, +54° 


® Ruzicka and Wirz, Helv. Chim. Acta, 1941, 24, 248. 
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(Found: C, 77-1; H, 10-2. C,3;H,.0, requires C, 77-3; H, 10-3%), was prepared by the action 
of acetic anhydride in pyridine on the ester. 

Oxidation of Methyi Epikatonate Acetate, Methyl 11-Deoxo-188-glycyrrhetate Acetate, and Methyl 
Katonate Acetate by Selenium Dioxide.—Methyl epikatonate acetate (0-6 g.) and selenium 
dioxide (0-6 g.) in glacial acetic acid (30 ml.) were boiled for 24 hr. The resultant solution was 
filtered and evaporated to a solid, which in ether solution was washed with aqueous sodium 
hydrogen carbonate. The solid thus obtained was chromatographed on alumina in ether, 
giving in the first fractions a solid which after three recrystallisations from methanol gave 
colourless needles (9 mg.), m. p. 229°, Amax, 241,249, and 258-5 my characteristic of the 11,13(18)- 
diene. Subsequent fractions gave needles of the 9(11),13(18)-diene-12,19-dione from methyl 
epikatonate acetate (0-28 g.), m. p. 233—234°, [a], — 168° (Found: C, 73-2; H, 8-5. C,3H,,0, 
requires C, 73-5; H, 86%), Amax, 277 mu (e 13,200). 

Methyl 11-deoxo-188-glycyrrhetate acetate (m. p. 262—264°) under similar conditions gave 
the 9(11),13(18)-diene-12,19-dione, m. p. 239—240° [a], —69°, Amax. 278—279 my (e 16,700). 
Ruzicka and Jeger * give m. p. 236—237°, [a},, —73°, Amax. 280 my (e 15,800), for this compound, 

When half the above amount of selenium dioxide was used, the oxidation of methyl katonate 
acetate by the above procedure gave the 11,13(18)-diene, m. p. 159—160°, [«],, —188° (Found: 
C, 77-6; H, 9-9. C,,H;,O, requires C, 77-6; H, 9-9%), Amax, 241, 249, and 259 my (e 29,300, 
33,600, and 22,100), and the 9(11),13(18)-diene-12,19-dione, m. p. 201—202°, [a],, — 209° (Found: 
C, 73-5; H, 8-5. C3,H,,O, requires C, 73-5; H, 8-6%), Amax, 279 my (e 12,600). 

Alkaline Hydrolysis of the Dienediones of Methyl Epikatonate Acetate, Methyl 11-Deoxo-188- 
glycyrrhetate Acetate, and Methyl Katonate Acetate-——The dienedione from methyl epikatonate 
acetate (0-2 g.) in 5% ethanolic potassium hydroxide (4 ml.) was heated under reflux for 3 hr. 
The product obtained by pouring the mixture into water was dissolved in chloroform, and the 
chloroform solution was washed with aqueous sodium hydroxide. Evaporation of the chloro- 
form solution gave a white solid (0-1 g.) which after four recrystallisations from aqueous 
acetone gave 30-nor-$-amyra-9(11),13(18)-diene-12,19-dione (0-04 g.), m. p. 256—257°, 
[a], —40° (Found: C, 79-4; H, 9-8. C,,H,.O, requires C, 79-4; H, 9°7%), Amax, 276—277 mp 
(ec 13,600). An authentic sample of the compound, whose preparation is described below, 
did not depress the m. p. of the above compound and the two had identical infrared spectra. 
The combined mother-liquors were evaporated and the residue was chromatographed on 
alumina in ether. Elution by 100: 1 ether—-methanol gave an impure sample of nor-B-amyra- 
dienedione (0-04 g.), m. p. 237—-250° (after one recrystallisation from aqueous acetone). This 
was acetylated by acetic anhydride in pyridine, two recrystallisations of the product from 
aqueous acetone and one from ethanol-light petroleum serving to give the acetate (0-011 g.), 
m. p. 278—279-5°. 

The dienedione from methyl 11-deoxo-188-glycyrrhetate acetate (0-3 g.) was boiled for 16 hr. 
with 10% methanolic potassium hydroxide (7-5 ml.). The mixture was diluted with water 
and extracted with ether, giving a solid (0-068 g.) which after two recrystallisations from 
aqueous acetone was 30-nor-f-amyra-9(11),13(18)-diene-12,19-dione, m. p. 255—256-5°, [a], 
—42°, Amax, 276—277 mu (e 13,000). This compound had been obtained by Ruzicka and Jeger * 
who give m. p. 255—256°, [a],, —36°, Amax. 280 my (¢ 15,800) (acetate, m. p. 279—280°). 

Similar alkaline hydrolysis of the dienedione of methyl katonate acetate gave 30-nor- 
epi-8-amyra-9(11),13(18)-diene-12,19-dione, m. p. 286—288°, {a],, —42° (Found: C, 79-4; H, 9-8. 
CygH4,O, requires C, 79-4; H, 9-7%), Amax, 278 my (e 11,200). 

Anomalous Acetate-—-Katonic acid (10 g.) was dissolved in acetic anhydride (150 ml.) 
containing 70% perchloric acid (0-5 ml.) by occasional shaking. The mixture was kept at 
room temperature overnight and then decomposed with water. The product was collected, 
dried, decolorised by passage in ether through a short column of alumina, and recrystallised 
from ethanol as colourless needles of the anomalous acetate (6-5 g.), m. p. 238—239°, {a],, —273° 
[Found: C, 79°75; H, 10-05%; M (Rast), 450. C,,H,,O, requires C, 79-9; H, 10-1%; M, 
480], Amex. 273 mp (ce 8900), vngx (in CCl,) 1725, 1646, and 1635 cm.}. The compound is in- 
soluble in aqueous-ethanolic sodium hydroxide and gives a yellow colour with tetranitromethane 
but no colour in the Liebermann—Burchard test; it failed to give an oxime or a 2,4-dinitro- 
phenylhydrazone, and it did not give a Zimmermann reaction. After having been boiled for 
19 hr. with selenium dioxide in acetic acid the compound was unchanged. 

Hydrolysis of the acetate by 3% methanolic hydrogen chloride or by 10% ethanolic potassium 
hydroxide gave a deacetylated compound, m. p. 303-—305° (decomp.), [a], —289° (Found: 
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C, 82-4; H, 10-2. C,9H,,O, requires C, 82:1; H, 10-5%), Amax 274 my (ec 9000) (infrared spectrum 
shown), which was reconverted into the anomalous acetate by the action of acetic anhydride 
in pyridine. 


Infrared spectrum of deacetylated anomalous acetate, in chloroform. 
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When katonic acid acetate was treated with the acetylating agent under similar conditions 
(one-tenth of the above scale), the anomalous acetate, m. p. 237—-239°, was obtained in the 
same yield, but when acetic acid was used in place of acetic anhydride katonic acid acetate, 
m. p. and mixed m. p. 221—223°, was recovered unchanged. 

Preparation of the Anomalous Acetate using a Controlled Quantity of Perchloric Acid.— 
Katonic acid (2 g., 4:1 mmoles) was dissolved in acetic anhydride (5 ml.) containing 70% 
perchloric acid (0-017 ml., 0-2 mmole) and kept at room temperature for 4 days before being 
digested with water. A solution of the solid product in 1: 1 ether—light petroleum was purified 
on an alumina column, giving 1-64 g. of a solid, m. p. 225—230°. Repeated recrystallisation 
from ethanol gave pure anomalous acetate (0-79 g., 1-65 mmoles), m. p. 238—239°. 

Anomalous Propionate.—A solution of katonic acid (2 g.) in propionic anhydride (30 ml.) 
containing perchloric acid (0-1 ml.) was kept at room temperature for 22 hr., then decomposed 
with water at 60—70°. The solid obtained was recrystallised from light petroleum or ethanol, 
to give the anomalous propionate (1-3 g.), m. p. 223—225°, [a],, — 258° (Found: C, 80-4; H, 10-1. 
C33H;903 requires C, 80-1; H, 10-2%), Amax, 273 mp (e 9300). 

Hydrolysis of the anomalous propionate (0-5 g.) by boiling 10% ethanolic potassium 
hydroxide (15 ml.) for 2 hr. gave suspended crystals which were completely precipitated 
by water and recrystallised from ethanol as blades (0-32 g.), m. p. 298—300° (decomp.) un- 
depressed when mixed with the deacetylated anomalous acetate; the two compounds had 
identical infrared spectra. Acetylation of the hydrolysis product by acetic anhydride in 
pyridine gave the anomalous acetate, m. p. 239-5—240°, identified with an authentic sample 
by mixed m. p. and coincident infrared spectra. 

Action of Acetic Anhydride and Perchloric Acid on Methyl Katonate and 11-Deoxo-188- 
glycyrrhetic Acid.—Powdered methyl katonate (1 g.) was shaken with acetic anhydride (15 ml.) 
containing 70% perchloric acid (0-1 ml.) at room temperature for 2 hr. The solid was filtered 
off and recrystallised from methanol, to give methy! katonate acetate (0-42 g.), m. p. and 
mixed m. p. 202—-203°. The solid obtained by decomposing the anhydride solution with water 
was chromatographed on alumina in light petroleum; elution with 1: 9 ether-light petroleum 
gave a white solid which after recrystallisation from methanol was identified as methyl katonate 
acetate (0-11 g.). Further elution with ether gave a brown syrup (0-12 g.). After a 16 hours’ 
reaction methyl katonate acetate (0-29 g.) was recovered but no other products were obtained. 

11-Deoxo-188-glycyrrhetic- acid (90 mg.) was stirred with the above acetylation mixture 
(1-5 ml.) and kept at room temperature for 17 hr. The solid obtained on decomposition of the 
mixture with water recrystallised from ethanol as needles of the mixed acetic 3-O-acetyl-11-deoxo- 
188-glycyrrhetic anhydride (50 mg.), m. p. 355—356° (vac.), [a], +112° (Found: C, 75-6; H, 9-6. 
C,,H,,0, requires C, 75-5; H, 9-7%), ee19 2940, eyo 480. 

Decomposition of the mixed anhydride by dilute aqueous ammonia in aqueous ethanol at 
room temperature gave 11-deoxo-18$-glycyrrhetic acid acetate, which crystallised from ethanol 
as leaflets, m. p. 310—311° (Found: C, 77-3; H, 10-2. Calc. for C,,H,,0,: C, 77-0; H, 10-:1%). 
Ruzicka and Marxer ¥ give m. p. 309-—310°, [a],, + 115-8°. 


1% Ruzicka and Marxer, Helv. Chim. Acta, 1939, 22, 195. 
70 
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Reduction of the Anomalous Acetate-——(a) By lithium aluminium hydride. A solution of 
the anomalous acetate (0-5 g.) in ether (30 ml.) was added cautiously to a stirred, refluxing 
0-2m-solution of lithium aluminium hydride in ether (40 ml.), and the mixture was boiled 
for 16 hr. Excess of hydride was decomposed by dropwise addition of methanol, and the 
product was isolated in ether in the usual way. The white solid obtained crystallised from 
ether-light petroleum as needles (0-25 g.) which recrystallised from ether as prisms of the 
diol, m. p. 206—210°, [a], —121° (Found: C, 82-1; H, 11-1. C 9H,,O, requires C, 81-7; H, 
11-0), Amax, 223-—224 my (e 5200). 

(b) By hydrogen. Reduction of the anomalous acetate (1 g.) in acetic acid (25 ml.) over 
a platinum catalyst (from 110 mg. of platinum oxide) required 103 c.c. of hydrogen (N.T.P.) 
(theor. for C:O, 93 c.c.). Recrystallisation of the product from ethanol gave long needles of 
the reduced anomalous acetate (0-87 g.), m. p. 202—206°, [a], —129° (Found: C, 82-5; H, 10-8. 
C32H59O, requires C, 82-4; H, 10-8%), Amax, 217 mu (e 5400), which gave a reddish-brown colour 
with tetranitromethane but resisted further hydrogenation and was unaffected by perphthalic 
acid in ether at 0°. 

Rearrangement of the Reduced Anomalous Acetate.—Hydrogen chloride was bubbled through 
a solution of the reduced anomalous acetate (0-5 g.) in dry chloroform (40 ml.) for 45 min. 
The syrup obtained by removing the solvent under reduced pressure crystallised from methanol 
in needles. Recrystallisation from methanol gave the rearrangement product (0-38 g.), m. p. 
196—197°, [a),, +55° (Found: C, 82-4; H, 11-0. C,,H,;,O, requires C, 82-4; H, 10-8%), 
E219 1370, e299 440, which gave a yellow colour with tetranitromethane but was unattacked by 
perphthalic acid in ether at 0°. 

Hydrogenation of the compound (110 mg.) in acetic acid (10 ml.) over a platinum catalyst 
(from 40 mg. of platinum oxide) required 6-8 c.c. of hydrogen (N.T.P.) (theor. for one double 
bond 5-3 c.c.). The product crystallised from methanol in leaflets (81 mg.), m. p. 188-5—189-5°, 
[a], —8° (Found: C, 82-1; H, 11-2. C,,H,,0, requires C, 82:0; H, 11:2%), t219 270, ego9 190, 
and gave no colour with tetranitromethane. 

When the anomalous acetate was subjected to the action of hydrogen chloride in chloroform, 
it was recovered from the reaction mixture unchanged. —~ 

Indicic Acid.—The chloroform-insoluble solid (27 g. from approx. 10 extractions) which 
remained after removal of katonic acid, was leached with pyridine. The pyridine solution 
was filtered and evaporated to a crystalline residue that was washed with alcohol. The crude 
indicic acid (13 g.) thus obtained could be recrystallised from ethanol-chloroform but the 
analytical sample was recrystallised from a large volume of ethanol, forming fine needles, 
m. p. 254—255°, [a],, +70° (c 0-8 in pyridine) (Found: C, 78-9; H, 10-0. C, H,,O, requires 
C, 79-2; H, 10-2%), €o19 8540, eo99 1710 (e values given for molecular weight 908 are consistent 
with the presence of two trisubstituted double bonds). The compound gives a magenta colour 
in the Liebermann—Burchard test, does not give a yellow colour with tetranitromethane, and 
dissolves in aqueous-ethanolic alkali. It is very sparingly soluble in chloroform, ethanol, 
methanol, acetic acid, and benzene. 

Methyl Indicate.—Crude indicic acid (4 g.) in 3% methanolic hydrogen chloride (400 ml.) 
was boiled under reflux with stirring for 20 hr. The suspension was cooled to room temperature 
and filtered. The solid (3-7 g.) was extracted with boiling light petroleum which removed 
methyl indicate (1-92 g.). Recrystallised from ethanol, this had m. p. 190—191°, [a], +73° 
[Found: C, 79-1; H, 10-2%; M (Rast), 818. C,.H,,O, requires C, 79-4; H, 10-3%; M, 936). 

Alkaline Hydrolysis of Indicic Acid.—Indicic acid (1-42 g.) was boiled with 10% ethanolic 
potassium hydroxide (25 ml.) for 5hr. The cooled solution was diluted with water and acidified, 
and the precipitated solid was collected in ether. Evaporation of the ether extracts gave a 
yellow solid which was stirred with chloroform (50 ml.). The insoluble white solid (0-23 g.), 
together with that obtained (0-18 g.) by concentrating the chloroform solution, recrystallised 
from methanol as plates of an acid (0-30 g.), m. p. 304—306° (vac.), [a], + 133° (c 0-9 in pyridine) 
(Found: C, 76-7; H, 10-2. Cj 9H,,O, requires C, 76-5; H, 99%). This compound did not 
give a colour with tetranitromethane but gave a magenta colour in the Liebermann-—Burchard 
test. 

The chloroform-soluble part of the reaction mixture was evaporated and the residue re- 
crystallised from methanol as needles (0-47 g.), m. p. 280-—282°, undepressed when mixed with 
katonic acid. The acetate and methyl ester of katonic acid obtained from this source have 
been prepared and compared with authentic samples. 
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Dimethyl Ester of the Acid Cy5H,4,0,.—The acid (60 mg.) was boiled with 3% methanolic 
hydrogen chloride (2 ml.) for 18 hr. and the solution was then diluted with water, made alkaline 
with aqueous sodium hydroxide, and extracted with ether. The residue obtained on evapor- 
ation of the ether was chromatographed on alumina in light petroleum. Elution with 1: 20 
ether-light petroleum gave the dimethyl ester (37 mg.), m. p. 135—136°, [a], +122° [Found: 
C, 76-9; H, 10-2%; M (Rast), 468. C,,H,,O, requires C, 77-0; H, 10-1%; M, 498], 2:9 5150, 
£999 1065. The same compound was obtained by methylation of the acid by excess of diazo- 
methane in ether. 


Monomethyl Ester of the Acid Cyg3H,,O,.—A suspension of the acid (90 mg.) was boiled with 
3% methanolic hydrogen chloride for 1 hr. The product was obtained by pouring the solution 
into water and extracting it with ether. Evaporation of the ethereal extracts gave a colourless 
syrup which was crystallised from light petroleum as the monomethyl ester (35 mg.), m. p. 
228—229° (vac.) (Found: C, 77-4; H, 10-4. C,,H,4.O, requires C, 76-8; H, 10-0%). The 
compound dissolved in aqueous ethanolic alkali. 

Further methylation of this product with diazomethane gave the dimethyl ester, m. p. 
and mixed m. p. 134—135°. 


British CELANESE LTD., PUTTERIDGE Bury LABORATORIES, 
nr. LutoON, BEDFORDSHIRE. (Received, April 4th, 1960.) 





924. Reaction of Some Substituted Methylthiomethyl-benzenes and - 
-naphthalenes with Methyl Iodide. 


By P. MAMALIs. 


The preparation of some substituted dialkyl-benzyl- and -naphthyl- 
methylsulphonium salts for antitubercular screening is described. Reaction 
of substituted methylthiomethyl-benzenes, -naphthalenes, and -1,3-benzo- 
dioxans with methyl iodide has been shown to give rise to both the expected 
sulphonium salts and anomalous products. The effect of substituents in the 
benzene ring on this reaction has been investigated. 


WHILE ethyl thiol-esters and compounds containing a potential ethanethiol group have been 
shown to possess tuberculostatic activity im vivo,) simple sulphonium salts do not appear 
to have received much attention from this viewpoint. As part of an antitubercular 
screening programme, a series of such salts (I) together with some methylthiomethyl- 
benzenes and -naphthalenes and the corresponding sulphones has now been prepared and 
has been tested for tuberculostatic activity in mice by Rees and Robson’s intracorneal 
infection method.” 

Although alkyl aryl sulphides (II; = 0) (including the naphthyl compounds) react 
only slowly with dimethy] sulphate to give sulphonium salts (I; = 0) according to 
route (1), no special difficulties have been reported in the preparation of sulphonium salts 
with two or three methylene groups in the side-chain.» Diverse reports occur, however, 
relating to the ease of preparation of sulphonium salts containing only one side-chain 
methylene (I; = 1). Thus Stréholm’s claim’? to have obtained sulphonium salts by 
reaction of benzyl ethyl and benzyl propyl sulphide with methyl iodide conflicts with the 
findings of Lewis and Archer ® who observed that benzyl methyl sulphide and methyl 

1 Kushner, Delalian, Bach, Centola, Sanjurjo, and Williams, J. Amer. Chem. Soc., 1955, 77, 1152; 
Rist, Grumbach, and Libermann, Amer. Rev. Tuberc., 1959, 79, 1; B.P. 789,985. 

2 Rees and Robson, Brit. J. Phayrmacol., 1950, 5, 77. 


% Baker and Moffitt, J., 1930, 1722. 
* Belov and Finkel’shteIn, J. Gen.,Chem. (U.S.S.R.), 1947, 17, 741; Mamalis, Ph.D. Thesis, London, 
1953. 
‘ 5 Hughes, Ingold, and Maw, /J., 1948, 2072; von Braun, Teuffert, and Weissbach, Annalen, 1929, 
72, 121. 
* Enner, Borovicka, and Protiva, Coll. Czech. Chem. Comm., 1953, 18, 270. 
7 Stréholm, Ber., 1900, 38, 834. 
® Lewis and Archer, J]. Amer. Chem. Soc., 1951, 78, 2109. 
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iodide gave only trimethylsulphonium iodide and a lachrymatory oil, probably benzyl 
iodide. These products would arise if the initial product (I; Ar = Ph, » = 1) decomposed 
according to route (3) to give dimethyl sulphide which, on reaction with excess of methyl 
iodide, would give sparingly soluble trimethylsulphonium iodide. 


Ar-[CHg]n'X + SMeg — Ar{CHg]n'SMeg*}X- —_ Ar{CHg]u’SMe -}- MeX 
(11) (1) (11) 
Ar-CH,*tSMe*[CHg]n"tSMe*CHAr}2i- CypHy*CHg'S[CHgIn'S*CHy'C oH, 

(IV) (V) 
CH2°S*|CH2| _°S*CH2 
° 2 [ aln se 
° cl ee. 

In view of these facts and since the few dialkylbenzylsulphonium salts described have 
been prepared from dialkyl sulphides and benzyl bromides (III) according to route (2),3* 
this method was selected for the preparation of the required compounds (I; » =). 
Substituted benzyl bromides and 1- and 2-bromomethylnaphthalene reacted smoothly at 
room temperature with dimethyl or diethyl sulphide in the absence of solvent, to give 
sulphonium bromides which were rather unstable to heat. Treatment of the same bromo- 
methyl derivatives with sodium methyl sulphide, or methylation of the thiols obtained by 
alkaline hydrolysis of arylmethylthiouronium salts, gave methylthio-derivatives (II; ” = 1) 
from which the corresponding sulphones were obtained by oxidation. 

a«-Dibromoalkanes did not react with 1l-methylthiomethylnaphthalene or with 6- 
chloro-8-mercaptomethyl-1,3-benzodioxan at room temperature and therefore we attempted 
the preparation of polymethylenebisulphonium salts (IV) by reaction of the sulphides 
(V and VI) with methyl iodide. Although reaction readily took place, the expected salts 
(IV) were not obtained, analyses of the products indicating the derived alkylenebisdi- 
methylsulphonium iodides. From the mother-liquors were isolated, in some cases, 1- and 
2-iodomethylnaphthalene and 6-chloro-8-iodomethyl-1,3-benzodioxan from (V) and (VI), 
respectively. 

The formation of these anomalous products paralleled Lewis and Archer's observ- 
ations and this type of reaction has been noted by other workers. For instance, dibenzyl 
sulphide with methyl iodide yielded trimethylsulphonium iodide and benzyl iodide; ™ and 
in the reaction of methyl 1-phenylethyl sulphide and methyl bromide the yield of sulphon- 
ium salt decreased (and the yield of trimethylsulphonium bromide correspondingly increased) 
with longer reaction and use of more methyl bromide.” We therefore studied the extent 
to which reaction is anomalous when methyl iodide reacts with substituted methylthio- 
methyl-benzenes and -naphthalenes. Treating benzyl methyl sulphide with a large excess 
of methyl iodide at room temperature for 24 hours gave only trimethylsulphonium iodide 
and benzyliodide. Methyl 4-methylbenzyl sulphide gave, under these conditions, a mixture 
of trimethylsulphonium iodide and dimethyl-4-methylbenzylsulphonium iodide: 4-chloro- 
benzyl methyl sulphide and methyl iodide yielded analogous products. Both 4-chloro- 
and 4-methyl-benzyl methyl sulphide with methyl bromide in nitromethane yielded only 
trimethylsulphonium bromide and the benzyl bromide. 1-Methylthiomethylnaphthalene 
with methyl iodide gave a mixture of sulphonium salts together with 1-iodomethyl- 
naphthalene. Also, when benzyldimethyl- or dimethyl-4-methylbenzyl-sulphonium salts 


* Pollard and Robinson, J., 1930, 1765; Challenger and Rawlings, J., 1937, 868. 
10 Cf. Ray and Levine, J. Org. Chem., 1937, 2, 267. 

11 Schdller, Ber., 1874, 7, 1274; Cahours, Ann. Chim. Phys., 1877, 10, 21. 

18 Siegel and Gaefe, J. Amer. Chem. Soc., 1953, 75, 4521. 
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were left in ethanol with a large excess of methyl iodide for several days, trimethyl- 
sulphonium iodide was isolated in over 90% yield. From the mother-liquors lachrymatory 
oils were obtained. 

It was confirmed that, for benzyl, 4-methylbenzyl, 4-methoxybenzyl, and 4-chloro- 
benzyl methyl sulphide at room temperature, longer reaction or increased quantities of 
methyl iodide resulted in greater yields of trimethylsulphonium iodide. The ease of 
formation of this iodide followed the sequence H > MeO > Me > Cl, which does not 
follow the normal electronegative series. E.g., the number of mols. of methyl iodide 
required for complete conversion in 24 hours were: (II, m = 1) Ar = benzyl, 3; 4-meth- 
oxybenzyl, 10; 4-methylbenzyl, 20; 4-chlorobenzyl, >20; or 2, 5, 15, and 20, respectively 
in 72 hr. None of the sulphides gave any pure trimethylsulphonium iodide after only 
4 hours’ reaction. 

None of the compounds examined exhibited significant tuberculostatic effects. 


EXPERIMENTAL 


Sulphonium Bromides (1; »=1, X = Br).—The benzyl bromide or naphthylmethyl 
bromide (3-0 g.) and the dialkyl sulphide (5—8 ml.) were left at room temperature in a closed 
flask for 2—-3 days during which a solid or gum separated. Addition of dry ether gave the salt 
which was recrystallised, the time of heating being kept toa minimum. Yields were usually 
above 80%. 4-Methoxybenzyl chloride reacted similarly to the bromides, to give the sulphon- 
ium chloride. The compounds prepared are listed in Table 1. 


TABLE 1. Substituted sulphonium salts Ar-CHy’SR,'}X~. 


M. p. Found (%) Reqd. (%) 
Subst.in Ar R Salt (decomp.) Formula Cc B.. :B Cc H N 
Benzyl compounds 
H Me Bromide 99—99-5°* C,H, ,BrS,0-5H,O 446 56 — 446 58 — 
hi Me Picrate 135 /* 
4-Me Me Bromide 109—110“ C,,H,,BrS 484 60 — 486 61 — 
i, Me Picrate 115—116** C,,H,,N,0,S 491 45 — 48643 — 
= Et Bromide 73—74-5 @ C,,H,,Br 621 71 — 52470 — 
_ Et Picrate 117%* (C,,H,,N,0,S,C,H,O 51:4 54 85 51:2 58 8-95 
4Cl Me Bromide 124 «4 C,H,,BrClS 405 47 — 40445 — 
a Et Bromide 81—83@ C,,H,,BrCiS 442 56 — 446 545 — 
iF Et Picrate 99 ¢ Cy,HgpCIN,O,S 455 42 90 45:7 45 94 
4-MeO Me Chloride 93—95 
” Me Picryl- 129—130% C,,H,,N,01S, 403 36 90 40:4 36 8-85 
sulphonate 
2-NO, Me Bromide 98—99** C,H,,BrNO,S,0-5H,O 37-65 49 485 376 46 49 
3-NO, Me Bromide 137—138°* C,H,,BrNO,S 39:1 455 — 389 44 — 
4+NO, Me Bromide 112—113** C,H,,BrNO,S 39:0 45 51 389 44 50 
s Et Bromide 90—91 C,,H,,BrNO,S 43-4 53 — 43:1 525 — 
se Et Picrate 105—106¥% C,,HgN,0,S 443 46 11:9 44-7 44 12-25 
1-Naphthylmethyl series 
Me Bromide 137—138*% C,,H,,BrS 555 56 — 55253 — 
+ Et Bromide 114—115@ C,,H,,BrS 579 63 — 579 61 — 
4-Br Me Bromide 133—134 C,,H,,Br,S 43-3 42 — 43239 — 
‘s Et Bromide 114—116@ C,,H,,Br,S 461 44 — 46246 — 
Various 
2-Naphthyl- Me Bromide 132—133** C,,H,,BrS 5505 54 — 652 53 — 
methyl ‘ 
9-Phenan- Me Chloride 135—136" C,,H,,CIS 707 61 — 70659 — 
thrylmethyl 
10-Phenan- Me Chloride 158—160 C,,H,,CINS,H,O 629 58 — 62559 — 
thridinyl- 
methyl 


* Needles. * Prisms. ‘¢ Leaflets, Recryst. from: ¢ methanol—dry ether, * ethanol, / aq. ethanol, 
* ethyl acetate—-methanol. * Lit.,3 m. p. 134°, m. p. 134—136°. ‘ Ethanol solvate. 4 Too 
deliquescent for analysis. 


Substituted S-Benzyl- and S-Naphthylmethyl-thiouronium Salts.—The halogenomethy] deriv- 
ative (0-1 mole) and thiourea (0-1 mole) were refluxed together in ethanol] (150 ml.) for 2 hr. 
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Concentration and cooling resulted in separation of the thiouronium salts in excellent yield, 
sufficiently pure for conversion into the thiols. The salts were crystallised from ethanol for 
analysis and are listed in Table 2. 


TABLE 2. Thiouronium salts. Ar-S-C(7NH)*NH,,HX. 


Found (%) Required (% 

Ar x M. p. Formula Cc H N Cc H N 
4-Methylbenzyl Br 162—164° C,H,,BrN,S 412 52 — 41:45 50 — 
4-Chlorobenzyl Br 195—196 C,H, BrCIN,S 342 3-7 98 341 36 9-95 
2-Nitrobenzyl Br 189—190 C,H,,BrN,O,S 32:7 36 146 32:9 35 144 
3-Nitrobenzyl Br 198—200 C,H, BrN,0,S 33:1 37 147 329 35 144 
4-Nitrobenzyl Br 202—203 C,H,.BrN,O,S 33:2 34 142 32:9 3:5 144 
1-Naphthylmethy] Cl 239 ¢ C,,H,,CIN,S 570 5&1 109 570 52 Ib 
2-Naphthylmethyl Br 184 C,,H,,BrN,S 48-8 43 94 485 44 93 
6-Chloro-1,3-benzodi- Cl 235—236  C,,H,,C],N,0O,S 41:04 4-2 94 40-7 41 95 

oxan-8-yl)methyl 

2-1’-Naphthylethyl Br 190—191 C,,H,,BrN,S 50-2 49 97 50:2 485 90 


° 


* Bonner }8 gives m. p. 233°. 


2-1’-Naphthylethanethiol.—S-2-1’-Naphthylethylthiouronium bromide (8-0 g.) and aqueous 
4n-sodium hydroxide (50 ml.) were heated on the steam-bath for 30 min., then cooled and 
acidified with concentrated hydrochloric acid. The thiol isolated by ether-extraction had b. p. 
108°/0-1 mm. (3-8 g.) (Found: C, 76-3; H, 6-3. C,,H,.S requires C, 76-6; H, 645%). 6-Chloro- 
1,3-benzodioxan-8-ylmethanethiol, similarly prepared, formed needles (from aqueous ethanol), 
m. p. 79° (Found: C, 49-7; H, 4-0; Cl, 16-7. C,H,ClO,S requires C, 49-8; H, 4-2; Cl, 16-4%). 
All other thiols used in this work were prepared by the same method and had the properties 
described in the literature. 

Benzyl Methyl Sulphide.—Toluene-w-thiol (12-4 g.), sodium hydroxide (6-0 g.), and water 
(70 ml.) were stirred and slowly treated with dimethyl sulphate (18-9 g.) with cooling to below 
50°. After the addition was complete, the mixture was heated on the steam-bath for 30 min., 
and the product isolated with ether. The sulphide had b. p. 84—86°/12 mm. (10-1 g.) (lit.,* 
b. p. 52—54°/2 mm.,” b. p. 85°/5 mm.). 

Methyl 4-methylbenzyl sulphide, similarly prepared, had b. p. 108—109°/18 mm. (Found: C, 
71-4; H, 81. C,H,,S requires C, 71-1; H, 7-95%). Methyl 1-naphthylmethyl sulphide, b. p. 
165—170°/15 mm., formed pale yellow prisms, m. p. 49°, from light petroleum (b. p. 40—60°) 
(Found: C, 77-0; H, 6-7. C,,H,,S requires C, 76-6; H, 6-4%). 6-Chloro-1,3-benzodioxan-8-yl- 
methyl methyl sulphide, needles [from light petroleum (b. p. 40—60°)], had m. p. 42—43° (Found: 
C, 51-4; H, 5-1. C, 9H,,ClO,S requires C, 52-0; H, 4-8%). 

4-Methoxybenzyl Methyl Sulphide.—To sodium methyl sulphide (2-5 g.) in methanol (25 ml.) 
was added 4-methoxybenzyl bromide (7-25 g.) portionwise at room temperature. Next morning, 
water was added and the oil extracted into ether. Distillation gave the product (4-3 g.), b. p. 
127°/14 mm. (Found: C, 64-5; H, 7-1. C,H,,OS requires C, 64-4; H, 7-2%). Other sulphides 
prepared by this method are recorded in Table 3. 


TABLE 3. Sulphides, Ar-SMe. 


Found (%) Reqd. (%) 
Ar B. p./mm, Formula Cc H Cc H 
4-t-Butylbenzyl ............... 95—96°/0-15 CygH iS 74-1 9-3 74:3 9-4 
4-Methyl-l-naphthylmethyl 141—142°/0-4 C,3;H,,S 77-6 71 77-2 7-0 
4-Bromo-1-naphthylmethyl 158—159°/0-15 C,,H,,BrS 53-4 4-0 53-8 4-15 
1-Chloro-2-naphthylmethyl 121—122°/0-2 C,,.H,,CIS 56-6 4-4 56-5 4-4 
1-Bromo-2-naphthylmethyl 132—140°/0-2¢ C,,H,,BrS 53-9 4-3 53-8 4-15 


* M., p. 35°, leaflets from light petroleum (b. p. 40—60°). 


Ethyl 1-Naphthylmethyl Sulphide —1-Naphthylmethanethiol (4-8 g.; b. p. 112°/0-1 mm.) 
(Weinstein and Pierson ' give b. p. 142—143°/0-5 mm.), N-sodium hydroxide (55 ml.), ethanol 
(10 ml.), and ethyl iodide (5-5 ml.) were shaken for 2hr. The oil which separated was extracted 

18 Bonner, J]. Amer. Chem. Soc., 1948, 70, 3508. 


1* Vetefa, Gaspari¢, and Jevetek, Chem. Listy, 1958, 52, 144. 
1® Weinstein and Pierson, J. Org. Chem., 1958, 28, 554. 
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into ether, washed, and dried. Distillation gave the product, b. p. 120°/0-1 mm. (4-5 g.) (Found: 
C, 76-9; H, 7-0; S, 15-6. C,,;H,,S requires C, 77-2; H, 7-0; S, 15-8%). 6-Chlovo-1,3-benzodi- 
oxan-8-ylmethyl ethyl sulphide, prepared similarly, b. p. 122—124°/0-1 mm., formed needles, 
m. p. 19—20° (Found: C, 53-5; H, 5-2; S, 12-4. C,,H,,ClO,S requires C, 53-9; H, 5-4; S, 
13-1%). 


TABLE 4. Sulphides, Ar-CH,°S-[(CH,],°S°CH,Ar. 


Found (% Required (%) 
Ar n M. p. Formula Cc H S Cc Ss 
1-Naphthyl 2 73—74° CygHoS, 766 57 #4176 #768 559 17-2 
a 3 57—58 Cog,HySe 77-7 66 157 773 62 16-4 
a 5 Oil? 
2-Naphthyl 2 155—156 ¥ C,,H33S, - 77-1 #60 4171 #768 59 17-2 
* 3 79—80 «¢ CysHa,S_ 769 64 168 773 62 16-4 
as 5 99—100 Cy,7H 99S, 774 64 154 777 68 15-4 
A 10 105—106 *¢ Cy2H35S. 793 84 127 789 78 13-1 
6-Chloro-1,3-benzodi- 2 149—151 CypHyeCl,0,S, 52:1 42 15°5* 52:2 44 15-46 
oxan-8-yl 
rs al 3 89—9] C,,H,.C1,0,S, 536 48 143 533 47 15-04 
= a 4 126—130 4 C,.H,,Cl,0,S, 53:9 45 146 541 49 145! 
A - 5 101—102 C.,H.,.C1,0,S, 554 50 145 55:2 52 14-28 
A Rt, 10 112—114¥ CygH3,Cl,0,S, 585 61 114 588 63 11-2 
1-Naphthylmethyl 10 4445 * C,H gS. 789 80 128 793 82 124 
Phenyl 10 28 * CygHg,S, 749 87 164 745 89 16-6 


* Leaflets. * Needles. * Prisms. MRecryst. from: ¢ ethylacetate—-light petroleum (b. p. 40— 
60°), * ethyl acetate, ‘ ethanol-ethyl acetate. /% Oil, used directly in reaction with methyl iodide. 
‘ Chlorine analysis. 


Decamethylene-1,10-bis-(1-naphthylmethyl Sulphide).—1-Naphthylmethanethiol (3-0 g.) was 
added to a solution of sodium (0-4 g.) in ethanol (20 ml.), followed by 1,10-dibromo- 
decane (3-3 g.); an exothermic reaction took place. After 2 hours’ heating, water was added 
and the solid collected. Crystallisation from ethyl acetate gave needles of the product, m. p. 79° 
(4:1 g.) (Found: C, 78-4; H, 7-9; S, 12-8. C,,H 3,5, requires C, 79-0; H, 78-0; S, 132%). Ina 
similar manner, the bis-sulphides described in Table 4 were prepared. 

Benzyl Methyl Sulphone.—Benzy] methyl] sulphide (0-5 g.), acetic acid (5-0 ml.), and aqueous 
30% hydrogen peroxide (1-0 ml.) were heated together on the steam-bath for 10 min. after 
which more peroxide (1-0 ml.) was added and heating continued for another 20 min. The 
solvents were removed and the residual solid was crystallised from ethyl acetate-light petroleum 
(b. p. 40—60°), giving needles, m. p. 124—125° (0-42 g.) (lit.,8 m. p. 125—-127°) (Found: C, 56-2; 
H, 5-9. Calc. for C,H,,0,S: C, 52-5; H, 5-9%). Other sulphones prepared by the same route 
are described in Table 5. 


TABLE 5. Sulphones, Ar-CH,*SO,°*Me. 
Found (%) Required (%) 
Cc H Cc H 


Ar M. p. Formula 
PAE. ertvdscrgicsiicvasaciesside 129° #¢ C,H,,0,S 58-7 6-5 58-7 6-6 
p-Chloropheny] ...........0...ccceee 120 «¢ C,H,Cl1O,S 47-4 4:7 46-9 4-4 
p-t-Butylphenyl  .............0+0++ 116% C,,H,,0,S 636 80 637 80 
4-Methyl-l-naphthyl ............ 151° C,;H,,0,S 66-2 6-1 66-6 6-0 
1-Chloro-2-naphthy]l ............... 146° C,,H,,C1lO,S 56-6 4-4 56-5 4-4 
1-Bromo-2-naphthy] ............... 132 «4 C,,.H,,BrO,S 48-2 3-8 48-2 3- 


* Needles. * Leaflets. Recryst. from: ¢ ethanol, ¢ aqueous ethanol, * ethyl acetate—light 
petroleum (b. p. 40—60°). / Lit.,8 m. p. 120—122°. 


Decamethylene-1,10-bis(benzyl sulphone) formed needles, m. p. 153—154°, from acetone 
(Found: C, 64-3; H, 7-8. C,,H,,0,S, requires C, 64-0; H, 7-6%). 

Reactions of Sulphides with Methyl Iodide.—Ethylene-1,2-bis-(1-naphthylmethyl sulphide). 
The sulphide (1-2 g.) was treated in acetone (5 ml.) with methy] iodide (5 ml.) and left at 20° for 
48 hr. during which solid separated’ (0-8 g.). Crystallisation from ethanol-ether gave ethylene- 
1,2-bis(dimethylsulphonium iodide) as leaflets (0-65 g.), m. p. 104° (Found: C, 18-0; H, 3-5. 
C,H,,1,S, requires C, 17-7; H, 40%). 

Pentamethylene-1,5-bis-(1-naphthylmethyl sulphide). The sulphide (1-5 g.), acetone (5 ml.), 
and methyl iodide (5 ml.) gave, after 48 hr., pentamethylene-1,5-bis(dimethylsulphonium iodide) 
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which formed needles (from ethanol-ether) (1-0 g.), m. p. 173° (Found: C, 24-5; H, 5-8; I, 
56-7. Calc. for C,H,,I,S,: C, 24:2; H, 5-0; I, 56-8%) (lit.,2° m. p. 182—183°,!” m. p. 176~ 
178°). 

Decamethylene-1,10-bis-(1-naphthylmethyl sulphide). The sulphide (1-0 g.), acetone (5 m1), 
and methyl iodide (2 ml.), when left together overnight, deposited solid which recrystallised 
from ethanol, to give decamethylene-1,10-bis(dimethylsulphonium iodide) as prisms (0-62 g.), 
m. p. 116—117° (Found: C, 33-1; H, 6-6; I, 48-6. Calc. for C,H 5,I,S,: C, 32-4; H, 6-2; I, 
49-0%) (lit.,2® m. p. 119—120°). The acetone mother-liquors were diluted with ether and 
washed with water. After evaporation, the residual oil and solid were extracted with hot 
light petroleum (b. p. 60—80°), the extracts were evaporated, and the residual solid was 
crystallised twice from light petroleum (b. p. 40—60°), giving needles, m. p. 60—61° which 
darkened. Infrared absorption was consistent with the compound’s being 1-iodomethyl- 
naphthalene (Found: C, 49-9; H, 4:1. (C,,H,I requires C, 49-2; H, 34%). 1-lodomethyl- 
naphthalene has previously been described 1* (no analytical results) as a pale yellow solid, 
rapidly becoming black, b. p. 125°/0-1 mm., and as an oil decomposing on attempted 
distillation.1* Heating this iodide with thiourea in ethanol for 2 hr. gave the thiouronium iodide, 
needles, m. p. 181—182° (Found: C, 41-0; H, 4:3. C,,H,,IN,S requires C, 41-8; H,3-8%). In 
another experiment, the sulphide (1-0 g.), acetone (5 ml.), and methyl iodide (0-26 ml., 2 equivs.) 
were left for 24 hr. The only crystalline product isolated was decamethylene-1,10-bis(di- 
methylsulphonium iodide) (0-15 g.), m. p. 114°. 

Decamethylene-1,10-bis-(2-naphthylmethyl sulphide). The sulphide (2-0 g.), acetone (5 ml.), 
and methyl iodide (2 ml.) were left together overnight. The deposited solid crystallised from 
ethanol and was identified as decamethylene-1,10-bis(dimethylsulphonium iodide) (1-9 g.), 
m. p. 115—116°. After evaporation, crystallisation of the residual solid from light petroleum 
(b. p. 60—80°) afforded 2-iodomethylnaphthalene (0-7 g.), m. p. 78° (Found: C, 49-0; H, 3-6; 
I, 47-2. C,,H,I requires C, 49-2; H, 3-4; I, 47-4%). Daub and Castle !* obtained this product 
as an unstable solid, m. p. 72—73-5°, for which no analytical results were given: our product 
was stable for several weeks at room temperature. 

Decamethylene-1,10-bis-(6-chloro-1,3-benzodioxan-8-ylmethyl sulphide). The sulphide (1-0 g.), 
acetone (5 ml.), and methyl iodide (5 ml.) were warmed to bring about solution, then left over- 
night, and the solid was collected (1-0 g.; m. p. 108—110°). Evaporation of the filtrate yielded 
more solid (0-52 g.), m. p. 125—130°. Crystallisation of the first crop from ethanol gave deca- 
methylene-1,10-bis(dimethylsulphonium iodide) (0-8 g.), m. p. 115—116°, while the second crop 
afforded needles of 6-chloro-8-iodomethyl-1,3-benzodioxan, m. p. 140—141°, from ethyl acetate 
(Found: C, 34:9; H, 2-6. C,H,CIIO, requires C, 34-8; H, 2.6%). The same iodomethyl com- 
pound was formed when 6-chloro-8-chloromethyl-1,3-benzodioxan (1-05 g.), sodium iodide 
(2-0 g.), and acetone (20 ml.) were heated under reflux for 2 hr.; it formed needles (from ethanol) 
(1-0 g.), m. p. and mixed 139—141°. 

Decamethylene-1,10-bis(benzyl sulphide). The sulphide (1-0 g.) and methyl iodide (5-0 ml.) 
gave decamethylene-1,10-bis(dimethylsulphonium iodide) (1-2 g.), m. p. 113—114°, and benzyl 
iodide characterised as the thiouronium iodide, m. p. 139—140° (prisms from ethanol) (Found: 
C, 32:75; H, 4:0; N, 94. C,H,,IN,S requires C, 32-6; H, 3-8; N, 9-5%), and as the 
thiouronium picrate, m. p. 187—188° (lit.,2® m. p. 182—183°). 

Benzyl Methyl Sulphide.—The sulphide (0-98 g.) and methyl iodide (6 ml.) were mixed at 
room temperature. Solid began to separate after 25 min., and after 24 hr. was collected and 
washed with ether [1-43 g.; m. p. 196—200° (decomp.)]. Trimethylsulphonium iodide formed 
needles (from ethanol), m. p. 209—210° (decomp.) (Found: C, 17-9; H, 4-4. Calc. for C,H,IS: 
C, 17-6; H, 44%). Evaporation of the filtrates gave a red oil crystallising at ca. 5° as prismatic 
needles (0-94 g.) (Lieben *! gives m. p. 25° for benzyliodide). The oil, when heated with thiourea 
(0-33 g.) in ethanol (20 ml.) for 2 hr., afforded S-benzylthiouronium iodide (1-0 g.), m. p. 139— 
140° not depressed on admixture with the sample obtained in the previous experiment. 

Reaction of Benzyldimethylsulphonium Bromide with Methyl Iodide——A mixture of the 


16 Walker, J., 1950, 193. 
17 Protiva, Jilek, and Exner, Chem. Listy, 1953, 47, 580. 

18 Daub and Castle, J. Org. Chem., 1954, 19, 1571. 

1 Craniadés and Rumpf, Bull. Soc. chim. France, 1952, 1063. 
2° Werner, J., 1890, 57, 285. 

%1 Lieben, Jahresber. Fortschr. Chem., 1869, 425. 
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sulphonium bromide (0-5 g.), methyl iodide (5 ml.), and ethanol (5 ml.) was left for 6 days. The 
solid was collected and washed with ether, giving trimethylsulphonium iodide (0-40 g.), m. p. 
208—210° (decomp.) (Found: C, 17:8; H, 4.6%). Evaporation of the mother-liquors afforded 
a lachrymatory red oil (0-53 g.). 

Reactions of Methyl 4-Methylbenzyl Sulphide.—(a) A mixture of the sulphide (1-0 g.) and 
methyl iodide (6 ml.) was left together for 24 hr., solid separating after 15 min. Ether was 
added and the solid collected [1-5 g.; m. p. 137—139° (decomp.)]. Several crystallisations 
from ethanol-ether gave needles, m. p. 139—142° (decomp.) of dimethyl-4-methylbenzyl- 
sulphonium iodide which could not be obtained analytically pure. On treatment with aqueous 
sodium picrate, a picrate was obtained; it formed yellow prisms (from ethanol), m. p. 115°, 
not depressed on admixture with authentic dimethyl-4-methylbenzylsulphonium picrate. The 
crude iodide (0-5 g.), ethanol (15 ml.), water (3 ml.), and silver bromide (4 g.) were shaken at 20° 
for 14 hr., then filtered, and the filtrate was evaporated to a syrup which solidified. Crystallis- 
ation from methanol-ether gave needles of dimethyl-4-methylbenzylsulphonium bromide, m. p. 
and mixed m. p. 109—110° (0-31 g.). (b) The sulphide (0-5 g.), nitromethane (3 ml.), and methyl 
bromide (2 ml.) were left together for 3 days. The solid was collected and crystallised from 
ethanol, to give trimethylsulphonium bromide (0-33 g.), m. p. 195—200° (decomp.) (Found: C, 
23-1; H, 5-9. Calc. for C;H,BrS: C, 22-9; H, 58%). Blattner™ gives m. p. 185—189° 
(decomp.). 

Reaction of Crude Dimethyl-4-methylbenzylsulphonium Iodide with Methyl Iodide.—The crude 
sulphonium iodide (0-5 g.; m. p. 137—139°), methyl iodide (5 ml.), and ethanol (10 ml.) were 
left for 6 days, giving trimethylsulphonium iodide (0-22 g.) as needles, m. p. 209—-211° (decomp.). 
Evaporation of the mother-liquors gave a lachrymatory oil. 

Reactions of 4-Chlorobenzyl Methyl Sulphide.—(a) Methyl iodide (6 ml.) and the sulphide 
(1-0 g.) were left together for 24 hr., solid separated (1-24 g.; m. p. 164—168°). Crystallisation 
from ethanol afforded trimethylsulphonium iodide (0-41 g.), m. p. 207—-210° (decomp.), and 
material, m. p. 137—167° (0-62 g.), which could not be further purified. The latter with 
aqueous sodium picrate gave 4-chlorobenzyldimethylsulphonium picrate, prisms (from ethanol), 
m. p. 147—148° (Found: C, 43-7; H, 3-6. C,,H,,CIN,O,S requires C, 43-3; H, 3-4%). 
(b) The sulphide (0-5 g.), methyl bromide (2-0 ml.), and nitromethane (3 ml.) were left for 17 hr. 
Addition of ether and crystallisation of the product from ethanol gave trimethylsulphonium 
bromide (0-41 g.), m. p. 195—198° (decomp.). Evaporation of the mother-liquors gave an oil 
(1-0 g.) which when heated with thiourea (0-37 g.) in ethanol gave S-4-chlorobenzylthiouronium 
bromide (1-23 g.), m. p. and mixed m. p. 195—196°. 

Reaction of Methyl 1-Naphthylmethyl Sulphide with Methyl Iodide.—Methy] iodide (1-0 ml.), 
the sulphide (1-0 g.), and acetone (5 ml.) were left overnight, and the solid was collected (1-25 g.; 
m. p. 123—126°). Fractional crystallisation from ethanol—acetone afforded trimethylsulphon- 
ium iodide (0-22 g.) and dimethyl-1-naphthylmethylsulphonium iodide (0-29 g.) as plates, m. p. 
117—119° (decomp.) (Found: C, 47-3; H, 4-6. C,,;H,,IS requires C, 47-2; H, 46%). Evapor- 
ation of the mother-liquors and crystallisation of the residual solid from light petroleum (b. p. 
60—80°) gave 1-iodomethylnaphthalene (0-15 g.), m. p. 58—60°. 

Quantitative Experiments.—The sulphide (0-3 g.) and the required amount of methyl iodide 
(1, 3, 5, 10, or 20 mol.) were left at 18—20° for 4, 24, or 72 hr. Ether was added and the solids 
were collected and weighed, and their melting points were determined. The sulphides used 
were benzyl-, 4-methylbenzyl-, 4-chlorobenzyl-, and 4-methoxybenzyl-methyl sulphide. The 
results are given in the introductory section. 


The author is grateful to Dr. J. Green for his interest, to Mr. D. Carr for skilled technical 
assistance, and to Miss J. Mallion for the microanalyses. 
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925. Aromatic Polyfluoro-compounds. Part VI.* Penta- and 
2,3,5,6-T etra-fluorothiophenol.t 


By P. Rosson, M. Stacey, R. STEPHENS, and J. C. TATLow. 


Pentafluorothiophenol and 2,3,5,6-tetrafluorothiophenol have been pre- 
pared by reaction of sodium hydrogen sulphide in pyridine with hexa- 
and penta-fluorobenzene, respectively. Characterisation was effected by 
desulphurisation with Raney nickel. The products formed disulphides and 
methyl ethers. The ultraviolet and infrared absorption spectra of the com- 
pounds prepared are reported and the effects of the strongly electron-with- 
drawing groups briefly considered. 


THE susceptibility of hexa- and penta-fluorobenzene to attack by nucleophilic reagents has 
now been well established, for ethers, amines, and hydrazines have been prepared. 
Pyridine has been used ® as a solvent in which to prepare pentafluorophenol from hexa- 
fluorobenzene and potassium hydroxide; it had been employed earlier ® in syntheses of 
derivatives such as pentachlorothiophenol from hexachlorobenzene. We now report its 
use in the preparation of fluorothiophenols. Both hexa- and penta-fluorobenzene reacted 
vigorously with sodium hydrogen sulphide in pyridine-ethylene glycol to give good yields 
of penta- and tetra-fluorothiophenol, respectively. 

It has been suggested ® that pyridine acts in a catalytic capacity in reactions of hexa- 
chlorobenzene with nucleophiles. A similar effect on the reaction rate was noticed with 
substituted pyridines such as the picolines and lutidines. A notable exception, however, 
was 2,6-lutidine which, although a good solvent for the system, did not effect the 
same increase in reaction rate; ® this was attributed to the blocking of the hetero-nitrogen 
atom by the two o-methyl groups. Presumably the action of the pyridine is to increase 
the electron density around the halogen atom that is to be eliminated, and thus to assist 
it to escape as an ion from the aromatic nucleus. 

The possibility that a penta- or tetra-fluorophenylpyridinium fluoride might be formed 
as an intermediate was considered. A solution of hexafluorobenzene in pyridine rapidly 
darkened and, after 10—15 hr. at 15°, removal of all volatile material left a dark solid 
which appeared from a preliminary examination to be polymeric (cf. the reaction of 
pyridine with octafluorocyclobutene’). However, under the time and temperature 
conditions of the reaction producing pentafluorothiophenol a good recovery of the com- 
ponents of the mixture (hexafluorobenzene and pyridine) was made by gas-chromato- 
graphic techniques. 

Both fluoro-thiols were obtained as pungent liquids with strongly acidic properties, 
the potassium salts being easily recrystallised from water. It was of interest that 
crystalline potassium pentafluorothiophenoxide monohydrate became blue on storage; 
this is perhaps a consequence of the presence of thiocarbonyl groups arising from electron 
migrations in the crystal lattice. The absence of such a blue colour in crystals of 
potassium 2,3,5,6-tetrafluorothiophenoxide is significant, the necessary migrations being 
less easy with hydrogen in the para-position. 

Cleavage of the carbon-sulphur linkages of each of the thiols was easily effected with 
Raney nickel, the corresponding fluorobenzene being produced. Thus, the product from 

* Part V, Tetrahedron, 1960, 9, 240. 


+ The substance of this paper was reported at the International Symposium on Fluorine Chemistry, 
Birmingham, July, 1959. 
Godsell, Stacey, and Tatlow, Nature, 1956, 178, 199. 
Forbes, Richardson, Stacey, and Tatlow, J., 1959, 2019. 
Pummer and Wall, Science, 1958, 127, 643. 
Brooke, Burdon, Stacey, and Tatlow, J., 1960, 1768. 
Rocklin, J. Org. Chem., 1956, 1478. 
Brown and Cahn, J. Amer. Chem. Soc., 1955, 77, 1715. 
Pruett, Bahner, and Smith, J. Amer. Chem. Soc., 1952, 74, 1638. 
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pentafluorobenzene gave the known 1,2,4,5-tetrafluorobenzene,® proving that the structure 
is 2,3,5,6-tetrafluorothiophenol; thus, in the reaction of pentafluorobenzene, the fluorine 
atom para to the hydrogen atom was eliminated. 

In agreement with the known ease of oxidation of thiols to disulphides, the crystalline 
decafluorodiphenyl disulphide and octafluorodiphenyl disulphide were readily obtained 
from the thiophenols and one mol. of bromine in acetic acid. Treatment of pentafluoro- 
thiophenol with diazomethane afforded methyl pentafluorophenyl sulphide which was 
oxidised by hydrogen peroxide in acetic acid to the sulphone. The analogous methyl 
2,3,5,6-tetrafluorophenyl sulphide and sulphone were made similarly. 

A complicating feature of the reaction of hexafluorobenzene and sodium sulphide in 
pyridine was the formation of an amorphous solid when the ratio of sulphide to hexafluoro- 
benzene was less than about 1-5:1. A high decomposition temperature and low solubility 
in most solvents, coupled with an appropriate elemental analysis and consistent infrared 
spectrum, indicated that the solid was a perfluoropoly(phenylene sulphide). Such a 
polymer would arise by condensations involving the elimination of sodium fluoride. In 
support of this, it was found that desulphurisation with Raney nickel in butan-l-ol 
produced pentafluoro- and 1,2,4,5-tetrafluoro-benzene in the approximate ratio of 1:4, 
which is consistent with a para-linked polymer. An estimate of the molecular weight, and 
hence the chain length of the polymer, was impossible by normal methods owing to the 
very low solubility in solvents. However, if the polymer is made up exclusively of 
molecules of the perfluoropoly(phenylene sulphide) type (reaction iv), that is without 
terminal thiol groups, the ratio-of pentafluoro- to tetrafluoro-benzene would indicate an 
average chain length of 10 units. 

Pentachlorothiophenol !° and pentafluorophenol ? are relatively stable towards attack 
by nucleophiles owing to the increased electron density in the aromatic ring of the thio- 
phenoxide and phenoxide ions. The apparent absence of a fluorobenzenedithiol from 
the products when hexafluorobenzene or pentafluorothiophenol was treated with sodium 
hydrogen sulphide in pyridine is consistent with these results. However, if pentachloro- 
thiophenol and pentafluorophenol are etherified it has been found ™®? that the para- 
position is rendered more susceptible to nucleophilic attack. Thus, with a deficiency of 
hydrogen sulphide ion in the reaction under consideration a polymer could arise by the 
reaction sequence depicted: 


CoFg + NatSH-——t C,F5SH+NatF- . . . . we Gi) 
C4F'S-Nat + CoFg ——t> CFyStCFg + NatF- . . «ee. ii) 
CoFgS*CoFs + CoFg'S-Nat ——t CyFySCeFyStCF, . . - ee ee iii) 
etc, —— CFyISCoF'SCF, - - - se - liv) 
The desulphurisation : 
CoF g'1S*CoFgla'S*CeFg ——B> 2C,HF,-+ CHF, - - - - ee es W 


would be rendered unreliable in chain-length estimation to an extent depending on a 
reaction involving hydrogen sulphide ions, which are deficient : 


CeF5°S*CeFs + NatSH- ——B C,FyS'C,FySH-+ NatF- . . 2... Wi) 


The possibility of nucleophilic attack on a pentafluorothiophenoxide ion appears to have 
been realised under drastic conditions when potassium pentafluorothiophenoxide mono- 
hydrate was heated at 250° for 5 min. The product had the same physical properties as 
the polymer previously described, but differences in the infrared spectra demonstrated 
structural differences which could arise from a change in the proportions of ortho-, meta-, 
and para-eliminations in the pyrolytic condensation. It has been found that pyrolysis of 
sodium pentafluorophenoxide produces some octafluorodiphenylene dioxide and a 

® Finger, Reed, Burness, Fort, and Blough, J. Amer. Chem. Soc., 1951, 78, 145. 


® Tomitek and Valcha, Coll. Czech. Chem. Comm., 1951, 16, 113. 
© Kulka, J. Org. Chem., 1959, 24, 235, 
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polymer.4+12 Likewise, octachlorodiphenylene dioxide has been prepared by the pyrolysis 
of potassium pentachlorophenoxide.™ It is possible also that further substitution of an 
octafluorodiphenylene disulphide, which might arise in the present work, would produce 
less volatile compounds of the type (I). 

Such substitutions have been reported to produce compounds of the type (II). Evidence 
that fluoride eliminations can occur in the ortho- and/or meta-positions was provided by the 
pyrolysis of crystalline potassium 2,3,5,6-tetrafluorothiophenoxide which gave a high- 
melting intractable polymer having an infrared spectrum consistent with a fluoropoly- 
(phenylene sulphide) but different from those of the two previously described polymers. 


B pansutall cl 
C,F,-S S-C,Fs RS; YSR 
soll § Pha = ft 

(1) ae Cl (1) 


Attempts to prepare decafluorodiphenyl sulphide were unsuccessful, paralleling the 
observations of Pummer and Wall" for decafluorodiphenyl ether. Thus, the reaction of 
potassium pentafluorothiophenoxide with hexafluorobenzene, alone and in pyridine, gave 
a polymer of the perfluoropoly(phenylene sulphide) type. However, when reactants were 
used which prevented the building up of polymer chains, a simple sulphide was obtained; 
é.g., potassium thiophenoxide and pentafluorobenzene gave phenyl 2,3,5,6-tetrafluoro- 
phenyl sulphide. The orientation of the latter compound was established by desulphuris- 
ation with Raney nickel to give benzene and 1,2,4,5-tetrafluorobenzene. Oxidation of 
this sulphide gave phenyl 2,3,5,6-tetrafluorophenyl sulphone. 

A lower co-ordinating power has been reported ™ for bis(trifluoromethyl) disulphide 
than for dimethyl disulphide. A similar influence would be expected for the strongly 
electronegative fluorobenzene nuclei on the availability of-the non-bonding electrons of 
the sulphur atom. A manifestation of this effect is believed to be the resistance to oxid- 
ation of some highly fluorinated phenyl sulphides. Similar effects would be expected to 
be found in the ultraviolet and infrared absorption spectra. However, a direct correlation 
of the type observed for bis(trifluoromethyl) disulphide and trifluoromethanesulphonic 
acid and related compounds ™ was obscured in the present work, both in the ultraviolet 
and the infrared spectra, by the presence of the benzenoid nucleus. 

The ultraviolet spectra of aryl sulphides and disulphides have been studied in detail," 
and an interaction of the unbonded electrons of the sulphur atom with the electron cloud 
of the benzenoid nucleus reported. It would be expected, therefore, that substitution of 
fluorine into the benzenoid nucleus would reduce the availability of the unbonded electrons 
of the sulphur and result in a selective decrease in extinction coefficient. Such a decrease 
was observed for methyl tetra- and penta-fluoropheny! sulphide as compared with ethyl 
phenyl sulphide between 2500 and 2800A. However, this decrease is rendered less 
noticeable by the increase in extinction coefficient, in the range under consideration, 
brought about by substitution of fluorine in the benzene nucleus. This effect is clearly 
shown by the sulphone series: methyl tetrafluorophenyl sulphone, methyl pentafluorophenyl 
sulphone, methyl phenyl sulphone. In this series the removal of the sulphur lone pair 
destroys the previously described interaction, but the absorption maxima of the fluorinated 
compounds are at slightly higher wavelengths and display larger extinction coefficients 
than those of the unfluorinated analogue. It was also of interest to find the benzenoid 
fine structure present in the methyl phenyl sulphone but not in the fluoro-analogues. 

11 Pummer and Wall, unpublished results. 

18 Burdon, Richardson, and Tatlow, unpublished results. 
eae Merz and Weith, Ber., 1872, 5, 458; Sanderman, Stockmann, and Casten, Chem. Ber., 1957, 90, 
14 Brandt, Emeléus, and Haszeldine, J., 1952, 2549. 


48 Robson, Smith, Stephens, and Tatlow, unpublished work. 
 Fehnel and Carmack, J. Amer. Chem, Soc., 1949, 71, 84, 231, 
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Decreases in extinction coefficient were also found for the penta- and tetra-fluorothio- 


phenols and the derived disulphides, as compared with the unfluorinated analogues, 
between 2300 and 2400 A (see Table 1). Likewise, diphenyl sulphide displayed a larger 


TABLE 1. Ultraviolet light absorptions (in ethanol except as otherwise indicated). 


Amin. (A) 10-%e max. (A) 10-*e Amin. (A) 10-%e Amax. (A) 10%e 
Pentafluorothiophenol 2,3,5,6-Tetrafluorothiophenol 
2170 5-32 2300 5-91 2150 6-25 2170 6-68 
2420 4-33 2570 5-92 2200 6-27 2250 6-38 
2270 6-04 2320 6-35 
Hydrated potassium pentafluorothiophenoxide 2350 6-25 2370 6-38 
in water 2400 6-23 2420 6-64 
2520 14-2 2720 2-58 2860 2-84 
Decafluorodiphenyl! disulphide Hydrated potassium 2,3,5,6-tetrafluorothio- 
2250 10-8 2300 11-7 phenoxide in water 
2480(i) 10-3 2300 3-64 2610 12-7 
2650 5-47 2670 5-55 
Methyl 2,3,5,6-tetrafluorophenyl sulphide 
Methyl pentafluoropheny! sulphide 2400 1-29 2660 5-55 
2350 1-80 2625 3-97 
Methyl 2,3,5,6-tetrafluorophenyl sulphone 
Methyl pentafluorophenyl sulphone 2400 0-067 2805 2-47 
2420 0-199 2720 1-65 
Bis-(2,3,5,6-tetrafluorophenyl) disulphide - 
Phenyl 2,3,5,6-tetrafluorophenyl sulphide 2200 7-19 
2450 6-78 2300 6-92 2420 9-38 
2620 4-28 2740 4-87 2600 3-33 2750 4-18 
2850(i) 3-22 
Pheny] 2,3,5,6-tetrafluoropheny] sulphone 
2590 1-71 2700 2-46 
2720 2-36 2770 2-73 
2900(i) 1-84 = inflexion. 


TABLE 2. Infrared absorption peaks ascribed to C-S stretching vibration mode. 


Peak (cm.~}) 
PON nds cscececencce scan cssiessiavaddenssisodanaetoussd 716 
Decafluorodipheny! disulphide ..............c.cccccsccsccsscsccccsescsce 731 
Methyl pentafluoropheny] sulphide ..............:.sessseeeeeeeeceesees 713 
Methyl pentafluoropheny]l sulphone .............sesseseeeeeeeeeeeeeeees 725 
2,3,5,6-Tetraflucrothiophenol _............cccccccccsccesessccsecsovcsees 711 
Bis-(2,3,5,6-tetrafluorophenyl) disulphide .............sscseseeeeeees 717 
Methyl 2,3,5,6-tetrafluorophenyl sulphide ...............cssceeeeeees 714 
Methyl 2,3,5,6-tetrafluorophenyl sulphone ............cseseesseeeeees 715 
Phenyl 2,3,5,6-tetrafluorophenyl sulphide ...........s.ssseseeeseeees 712 
Phenyl] 2,3,5,6-tetrafluorophenyl sulphone ..............sssseeeeeeeee 713 


extinction coefficient than phenyl 2,3,5,6-tetrafluorophenyl sulphide around 2500 A. 
However, for reasons unknown, within the groups of fluorinated systems considered the 
extinction coefficients of the pentafluoro-type compounds are not always smaller than 
those of the tetrafluoro-analogues. 

A markedly higher carbon-sulphur stretching frequency has been observed for bis(tri- 
fluoromethyl) disulphide (759 cm.) than for dimethyl disulphide (690 cm.) and this was 
attributed to an increase in force constant for this vibrational mode. The assignment of 
characteristic vibration frequencies to the carbon-sulphur bonds in molecules as complex 
as those described here is less certain since a large number of substituted benzene derivatives 
possess a band near 700 cm.+. Nevertheless, an absorption peak attributable to the C-S 
stretching vibration was observed at 717 + 6 cm. (see Table 2). The frequency for 
unfluorinated aromatic systems of this type is between 600 and 700 cm.7.!”_ The increased 
frequency would arise in the same way as for the aliphatic analogues. 


” Bellamy, ‘‘ The Infra-red Spectra of Complex Molecules,’’ Methuen and Co. Ltd., London, 1959, 
p. 353. 
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EXPERIMENTAL 


Techniques.—Gas chromatography and infrared measurements were carried out as before, 
unless otherwise stated. 

Pentafluorothiophenol.—Hydrogen sulphide was bubbled through a solution of sodium 
hydroxide (12-2 g.) in ethylene glycol (20 c.c.) for 3 hr. and the resulting viscous liquid was 
quickly added dropwise to a boiling solution of hexafluorobenzene (10-0 g.) in pyridine (75 c.c.), 
with intermittent shaking. When the vigorous reaction had subsided, the mixture was refluxed 
for 5 min., cooled, and poured on crushed ice. The solution obtained was acidified with 16n- 
hydrochloric acid and extracted with ether (3 x 250 c.c.), and the combined extracts were dried 
(MgSO,), filtered, and evaporated to a dark liquid which distilled at atmospheric pressure to 
give the colourless, pungent pentafluorothiophenol (7-1 g.), b. p. 143°, m,,?* 1-4622 (Found: C, 
36-1; H, 0-5; S, 16-8. C,HF;,S requires C, 36-0; H, 0-5; S, 16-0%). Au infrared absorption 
peak at 2620 cm.~! indicated the presence of an S-H link and pti absorptions in the region 
1500—1530 cm.* are associated with the fluorinated benzene ring. 

An aqueous solution of potassium hydroxide and pentafluorothiophenol gave hydrated 
potassium pentafluorothiophenoxide as colourless needles, m. p. >300°, which developed a blue 
colour within a few days (Found: C, 27-4; H, 0-7. C,F;KS,14H,O requires C, 27-2; H, 1-1%). 
The S-H stretching frequency region was transparent in the infrared spectrum, but absorption 
peaks at 1634 and 1515 cm. were consistent with the presence of “‘ bound ”’ water !® and a 
fluorinated benzene ring, respectively. 

When pentafluorothiophenol (10-0 g.) was treated with sodium hydrogen sulphide prepared 
from sodium hydroxide (12-2 g.) in pyridine (80 c.c.)—-ethylene glycol (20 c.c.), as described in 
the above preparation, the thiophenol (7-3 g.), b. p. 140—141°, was recovered. 

Hexafluorobenzene (5-8 g.) and pyridine (50 c.c.) were refluxed together for 5 min. and half 
of the solution (25 c.c.) was then separated by gas chromatography [column B silicone gum 
301 (1 pt.)—kieselguhr (4 pts.), temp. 110°, N, flow-rate 56 1./hr.] into hexafluorobenzene 
(2-4 g.) and pyridine (24 c.c.). 

Desulphurisation of Pentafluorothiophenol.—Pentafluorothiophenol (5-6 g.) was added to a 
suspension of Raney nickel (Grade W4; 30-0 g.) in butan-T-ol (50 c.c.). When the initial 
vigorous reaction had subsided the mixture was refluxed for 6 hr. and then distilled through a 
2’ vacuum-jacketed column packed with 1/16” x 1/16” Dixon gauze rings. The fraction 
boiling at 67—-104° (4-4 g.) was separated by gas chromatography (column A, temp. 100°, N, 
flow-rate 10 1./hr.) to give, as the main fraction, pentafluorobenzene (2-8 g.) which had the 
correct infrared spectrum. 

Decafluorodiphenyl Disulphide.—Bromine (1-0 g.) was added dropwise to a stirred solution of 
pentafluorothiophenol (1-6 g.) in acetic acid (10.c.c.). The acetic acid was removed by distil- 
lation im vacuo and the involatile brown gum, crystallised by trituration with aqueous ethanol, 
gave colourless needles of decafluorodiphenyl disulphide (0-85 g.), m. p. 50—51° (Found: C, 
36-3; F, 47-7; S, 16-0. C,.Fy 9S, requires C, 36-2; F, 47-7; S, 16-1%). The infrared spectrum 
displayed strong absorption at 1515 cm. and no >C-H or S-H stretching frequencies. 

Methyl Pentafluorophenyl Sulphide.—Methylnitrosourea (10-0 g.) was slowly added to 40% 
w/v aqueous potassium hydroxide (25 c.c.) and ether (40 c.c.) kept at 0°. The ether layer was 
then separated and to it was slowly added a solution of pentafluorothiophenol (6-0 g.) in ether 
(10 c.c.). After 1 hr. at room temperature the mixture was dried (MgSO,), filtered, and 
evaporated. Distillation of the residual liquid gave methyl pentafluorophenyl sulphide (5-6 g.), 
b. p. 171—173° (Found: C, 39-6; H, 1-5; F, 43-9. C,H,F,S requires C, 39-3; H, 1-4; F, 
44:4%). The presence of a weak band at 2960 cm.~ is ascribed to ~C-H stretching vibrations; 
the fluorinated benzene ring vibration was displayed at 1496 cm.". 

Methyl Pentafluorophenyl Sulphone.—Methy]1 pentafluoropheny] sulphide (2-45 g.), 30% w/w 
hydrogen peroxide (15 c.c.), and acetic acid (10 c.c.) were kept at 100° for 2 hr. The mixture 
was then poured into water and the precipitate (2-3 g.) recrystallised from aqueous alcohol to 
give the sulphone (2-0 g.), m. p. 85—86° (Found: C, 33-9; H, 1-2; F, 38-7. C;H,F0:S requires 
C, 34:15; H, 1-2; F, 386%). Infrared absorption peaks at 1165 and 1347 cm." were ascribed 
to the >SO, group, and at 2945 and 1500 cm." to the >C-H and fluorinated benzene ring 
vibrations, respectively. 

18 Stephens, Tatlow, and Wiseman, J., 1959, 148. 

1® Levine, Stevenson, and Kabler, Arch. Biochem. Biophys., 1953, 45, 65; Forziati and Rowen, J. 
Res. Nat. Bur. Stand., 1951, 46, 38. 








18 


+ ew DH 


‘co = 


@ « 


il- 





[1960] Aromatic Polyfluoro-compounds. Part VI. 4759 


A Perfluoropoly(phenylene Sulphide).—Hydrogen sulphide was bubbled through a solution 
of sodium hydroxide (4-2 g.) in ethylene glycol (18 c.c.) for 2 hr. and the resulting solution 
quickly added to a boiling solution of hexafluorobenzene (10-3 g.) in pyridine (75 c.c.). When 
the vigorous reaction had subsided the mixture was refluxed for 5 min., cooled, poured on 
crushed ice, and acidified with 16N-hydrochloric acid. The precipitate was washed with water 
and dried, to give a pale yellow amorphous material (10-7 g.), m. p. >300° (decomp.), which 
could not be sublimed and was soluble only in pyridine [Found: C, 38-8; H, 1-7; F, 40-6. 
After several hours in vacuo at 140° over P,O;: C, 40-2; H,0. (C,F,S), requires C, 40-0; H, 0; 
F, 422%]. Fusion of the polymer with sodium revealed the presence of fluorine and sulphur 
and the absence of nitrogen. The infrared spectrum of the dried solid dispersed in Nujol 
revealed very strong absorption peaks ascribable to fluorinated aromatic ring vibrations at 
1490—1500 cm.*. 

A suspension of the solid (9-0 g.) in butan-l-ol (140 c.c.) was refluxed with Raney nickel 
(Grade W4, 75 g.) for 43 hr. The mixture was distilled as in the previous desulphurisation. 
The fraction (3-5 g.), b. p. 67—-94°, was shown by gas chromatography to contain six com- 
ponents and these were separated by preparative-scale gas chromatography into fractions with 
retention times identical with those of ethanol, butyraldehyde, butan-l-ol, and a mixture 
(0-7 g.) of 1,2,4,5-tetrafluorobenzene and pentafluorobenzene; the identities were confirmed by 
comparison of the infrared spectra with those of authentic specimens. The infrared spectrum 
of the mixture indicated an approximate ratio of tetrafluoro- to pentafluoro-benzene of 4: 1. 

A Second Perfiuoropoly(phenylene Sulphide).—Potassium pentafluorothiophenoxide hydrate 
(1-0 g.) was heated in a hard-glass test-tube to a final temperature of about 300°. The residue 
was washed with water and dried to give a polymer (0-7 g.), m. p. >300° (Found: C, 37-6; H, 
0-5; F, 39-7; S, 184%). The washings gave a strong cerous nitrate test for fluoride ion. 
Fusion of the polymer with sodium produced sodium fluoride and sodium sulphide. 

Attempted Preparation of Bis(pentafluorophenyl) Sulphide.—(i) Potassium pentafluorothio- 
phenoxide (1-0 g.) and hexafluorobenzene (0-75 g.) were kept at 160° in a sealed tube for 19 hr., 
then added to water. The insoluble solid (0-35 g.), m. p. >300°, was shown by infrared 
spectrometry to be almost identical with the polymer prepared from hexafluorobenzene and a 
and a deficiency of sulphide. (ii) When potassium pentafluorothiophenoxide (3-0 g.) was slowly 
added to hexafluorobenzene (2-7 g.) in pyridine (25 c.c.) and the mixture was refluxed for 5 
min. and then poured on ice and acidified, the usual polymer (2-0 g.), m. p. >300°, was obtained. 
(iii) When hexafluorobenzene (5-4 g.) in pyridine (10 c.c.) was added to a warm solution of the 
potassium pentafluorothiophenoxide (6-0 g.) in pyridine (50 c.c.) a precipitate of potassium 
fluoride was produced. The mixture was then added to ice and acidified. The solid product 
(4-0 g.), m. p. >300°, displayed similar infrared spectrum to that of the polymer described above 
in (i). No sublimation was found to occur even after many hours at 200°/0-05 mm. 

Phenyl 2,3,5,6-Tetrafluorophenyl Sulphide.—Pentafluorobenzene (3-4 g.) in pyridine (10 c.c.) 
was added to a solution of potassium thiophenoxide (2-3 g.) in pyridine (10 c.c.), and the mixture 
was refluxed for 10 min., poured into water (100 c.c.), acidified with 8N-hydrochloric acid, and 
extracted with ether (3 x 100 c.c.). The combined extracts were dried (MgSO,), filtered, and 
evaporated, and the residue was distilled to give phenyl 2,3,5,6-tetrafluorophenyl sulphide (2-3 g.), 
b. p. 265°/760 mm., 117°/1-5 mm. (Found: C, 55-6; H, 2-3; F, 29-0. C,,H,F,S requires C, 
55-8; H, 2-3; F, 29-4%). Infrared absorption peaks at 2980, 1485, and 712 cm." were ascribed 
to vibrational modes of C-H, fluorinated benzene ring, and C-S, respectively. The sulphide 
(1-1 g.) with 30% w/v hydrogen peroxide (1 c.c.) in acetic acid (10 c.c.) gave a crystal- 
line sulphone (1-15 g.), which, recrystallised from ethanol, had m. p. 164° (Found: C, 49-6; H, 
2-2. C,,H,F,O,S requires C, 49-6; H, 2-1%). 

Desulphurisation of Phenyl 2,3,5,6-Tetrafluorophenyl Sulphide.—The sulphide (2-0 g.) was 
added quickly to a suspension of Raney nickel (Grade W4; 25g.) in butan-1-ol (200c.c.). When 
the reaction had subsided, the mixture was refluxed for 5 hr. and distilled as before. A fraction 
(4:7 g.) of b. p. 69—104° was shown by analytical gas chromatography to contain five com- 
ponents which were separated by preparative-scale gas chromatography (column A, temp. 102°, 
N, flow-rate 9-3 1./hr.) into four fractions; one (0-35 g.) of these was shown by infrared spec- 
troscopy to be a mixture of 1,2,4,5-tetrafluorobenzene and benzene. The other three fractions 
had gas-chromatographic retention times identical with those of ethanol, butyraldehyde, and 
butan-1-ol. 

2,3,5,6-Tetrafluorothiophenol.—A solution of sodium hydrogen sulphide in ethylene glycol, 











4760 Aromatic Polyfluoro-compounds. Part VI. 


prepared from sodium hydroxide (12-2 g.) as previously described, was added dropwise to a 
boiling solution of pentafluorobenzene (10-0 g.) in pyridine (75 c.c.), with occasional agitation. 
The mixture was then refluxed for 5 min., cooled, poured on crushed ice, acidified with 
16n-hydrochloric acid, and extracted with ether (3 x 250 c.c.). The combined extracts were 
dried (MgSO,), filtered, and evaporated to leave a dark liquid which on distillation gave the 
pungent 2,3,5,6-tetrafluorothiophenol (8-7 g.), b. p. 147°, n,** 1-4827 (Found: C, 39-6; H, 1-1; 
F, 41-4. C,H,F,S requires C, 39-6; H, 1-1; F, 41-7%), vmax, 3100 (SC-H), 2595 (S-H), and 
1507 cm. (fluorinated benzene ring). 

An aqueous solution of potassium hydroxide and the tetrafluorothiophenol gave hydrated 
potassium tetrafluorothiophenoxide as colourless needles, m. p. >300° (Found: C, 30-3; H, 1-4; 
F, 31:9. C,HF,KS,H,O requires C, 30-3; H, 1-3; F, 31-9%); this compound remained colour- 
less on storage. The infrared spectrum of the solid in Nujol contained no absorption in the 
S-H stretching region; absorption peaks at 1630 and 1495 cm. were ascribed to “ bound” 
water !* and to the fluorinated benzene ring, respectively. 

Desulphurisation. The tetrafluorothiophenol (7-1 g.) was added to a suspension of Raney 
nickel (Grade W4; 75 g.) in butanol (75 c.c.). After being refluxed for 4 hr. the mixture was 
distilled as before. All the material (8-1 g.) boiling up to 98° was collected. Analytical gas 
chromatography revealed four main peaks which were separated by preparative-scale chrom- 
atography (temp. 100°, N, flow-rate 58-0 1./hr.) to give: (a) mixed solvents, mainly ethanol 
(0-5 g.); (6) butyraldehyde (1-85 g.); (c) 1,2,4,5-tetrafluorobenzene ® (3-9 g.); (d) butan-l-ol 
(0-4 g.); components (b), (c), and (d) were identified by comparison of their infrared spectra 
with those of authentic specimens. 

Methyl 2,3,5,6-Tetrafluorophenyl Sulphide—A solution of 2,3,5,6-tetrafluorothiophenol 
(4-9 g.) in ether was slowly added to diazomethane in ether (80 c.c.), prepared from methyl- 
nitrosourea (20 g.) and 40% aqueous potassium hydroxide (50 c.c.) as previously described. 
The mixture was kept at 15° for 1 hr. before being dried (MgSO,), filtered, and evaporated to a 
liquid which was distilled, giving methyl 2,3,5,6-tetrafluorophenyl sulphide (3-6 g.), b. p. 169—174°; 
this fraction gave only one peak in analytical gas chromatography (Found: C, 43-1; H, 2:3; 
F, 39-1. C,H,F,S requires C, 42-9; H, 2-1; F, 38:7%). vax were at 2960 (SC-H) and 
1500 cm." (fluorinated benzene ring). 

Methyl 2,3,5,6-Tetrafluorophenyl Sulphone.—The 2,3,5,6-tetrafluorophenyl sulphide (1-1 g.), 
30% w/w aqueous hydrogen peroxide (5 c.c.), and acetic acid (10 c.c.) at 100° for 14 hr. gave the 
sulphone (0-2 g. from aqueous ethanol), m. p. 92—93° (Found: C, 36-6; H, 1-7; F, 33-4. 
C,H,F,O,S requires C, 36-8; H, 1-8; F, 33-3%). Infrared absorption maxima at 3040, and 
2980 cm. were ascribed to Sc-H vibrations, at 1510 cm. to vibrations of a fluorinated benzene 
ring system, and at 1342 and 1158 cm. to two of the >SO, vibration modes. 

Bis-(2,3,5,6-tetrafluorophenyl) Disulphide.—The tetrafluorothiophenol (2-7 g.) was oxidised 
with bromine ® (ca. 1-1 mol.) in acetic acid (20 c.c.) as previously described. The gum (2:3 g.) 
left after evaporation of the acetic acid rapidly crystallised and was recrystallised twice from 
ethanol, to give the disulphide (0-5 g.), m. p. 38° (Found: C, 39-5; H, 0-5; F, 41-6. C,,.H,F,S, 
requires C, 39-8; H, 0-6; F, 42-0%), vax, at 2900 (SC-H) and 1500 cm.~ (fluorinated benzene). 

Action of Heat on Potassium 2,3,5, 6-Tetrafluorothiophenoxide. —This compound (1-0 g.) was 
heated at 150—200° in a hard-glass test-tube for 10 min. and then allowed to cool. Water 
was added to the solid mass, and the mixture boiled and filtered; the filtrate gave a strongly 
positive cerous nitrate test for fluoride. The insoluble material (0-5 g.), softening at 150—160°, 
could not be crystallised and did not sublime at 200°/0-5 mm. The infrared spectrum, whilst 
containing absorption peaks associated with a fluorinated aromatic ring at 1500 cm.}, was 
different from that of the polymer formed from potassium pentafluorothiophenoxide. 


We thank Dr. J. K. Brown for his advice on the infrared spectroscopy and the University 
for a scholarship (to P. R.). 


Tue Unrversity, EpGBAsToN, BIRMINGHAM, 15. [Received, May 12th, 1960.) 
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926. Sulphates of Monosaccharides and their Derivatives. Part I, 
Preparation. 


By S. Peat, J. R. Turvey, M. J. Crancy, and T. P. Wicirams. 


b-Glucose, D-galactose, methyl a- and 8-p-glucoside, as well as methyl 
B-p-galactoside have been directly sulphated with the pyridine-sulphuric 
anhydride reagent, and chromatographic techniques have been developed 
for the isolation of the sulphates. Comparison with glucose 3-, glucose 6-, 
and galactose 6-sulphate, synthesised by routes which define their structures, 
supports the view that the direct sulphation of glucose and of galactose 
occurs mainly at position 6. 


CARBOHYDRATE SULPHATES occur widely in Nature,’? and the simple monosaccharide 
sulphates have received considerable study.1_ The present study concerns the preparation 
and properties of simple sugar sulphates in the hope that the results will be useful in 
the structural analysis of polysaccharide sulphates. 

Monosaccharides have been sulphated by chlorosulphonic acid,* sulphuryl chloride,‘ 
and pyridine-sulphuric anhydride,®* but purification of the products has been difficult 
and almost the only criterion of purity has been the analytical data. Although the 
formation of crystalline alkaloid salts was a step forward in purifying sugar sulphates, 
several recrystallisations of, for example, the brucine salt failed to yield a completely 
pure product from the direct sulphation of glucose.** More recently, the use of paper 
chromatography has demonstrated the complex nature of the mixtures obtained by direct 
sulphation of hexoses.*® We describe here some methods which have been developed 
for the preparation and purification of monosaccharide sulphates.® 


TABLE 1. The sulphation of monosaccharides. 


Sugar Reagent * Time Yield Sugar Reagent * Time Yield 

(1 mol.) (mols.) Temp. (hr.) (g.) t (1 mol.) (mols.) Temp. (hr.) (g.) t 
Mannitol ... 1-5 35° 120 5-6 Galactose 15 18° 24 71 
Glucose ... 3-0 35 24 7-4 ie 3 35 48 7-4 
_ sae 3-0 65—70 6 9-3 - 3 55 9 12-0 

es 3 65—70 6 11-8 


* Pyridine-sulphuric anhydride. f From 5 g. sugar. 


In the present study, direct sulphation was effected by the pyridine-sulphuric anhydride 
reagent. Preliminary experiments (cf. Table 1) showed that temperatures as high as 
70° may be used with advantage, especially when excess of the reagent is employed. 
We followed the reaction by means of paper electrophoresis in neutral buffers. The 
products from galactose are thereby readily separated into unchanged sugar, mono- 
sulphate, disulphate, and trisulphate (when present) in 2 hr. with a potential gradient 
of 20 v./cm. The neutral buffers used initially were sodium acetate or phosphate but 
later an acetic acid—pyridine buffer (pH 6-5) was preferred since it could be readily removed 
from the paper by drying in air and, in some cases, resulted in increased sensitivity to 
the spray reagents. 

The mixture obtained by sulphation of galactose was used to investigate methods of 


1 Percival, Quart. Rev., 1949, 3, 369. 

® Mori, Adv. Carbohydrate Chem., 1954, 8, 315; Trans. Fourth Conf. on Polysaccharides in Biology, 
The Josiah Macey Jr. Foundation, New York, 1959. 

* Neuberg and Liebermann, Biochem. Z., 1921, 121, 326. 

4 Levene and Meyer, J. Biol. Chem., ‘1922, 58, 437. 

5 Baumgarten, Ber., 1926, 59, 1166. 

* Duff, J., 1949, 1597. 

7 Egami, J. Chem. Soc. Japan, 1942, 63, 763. 

* Dodgson and Spencer, Biochem. J., 1954, 57, 310; Ann. Reports, 1956, 68, 320. 
* Cf. Turvey and Clancy, Nature, 1959, 188, 537. 
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purification. Ion-exchange chromatography has been used by others for resolution of 
monosaccharide phosphate mixtures; for the sulphation mixture graded elution from an 
anion-exchange resin with salt solutions gave only incomplete separation, and recovery 
of sugar sulphates from the large volumes of salt solutions was laborious. Nevertheless, 
where the mixture was non-reducing and contained only one sulphated component, e.g., 
a glycoside and its monosulphate derivative, separation on ion-exchange resins was success- 
ful. The sulphate was converted into the acid form and then absorbed on an anion- 
exchange resin, neutral material being washed through with water. Subsequent elution 
of the resin with dilute aqueous ammonia, followed by cautious evaporation of the eluate, 
gave the sugar sulphate as the ammonium salt. These ammonium salts usually had 
characteristic melting or decomposition points but tended to be hygroscopic and were 
converted into sodium or barium salts for storage. 

The most practical method of separating the products of sulphation was by partition 
chromatography on columns of cellulose powder (best prepared by packing with dry 
powder and consolidation by mechanical vibration). As solvent systems, ethanol-acetic 
acid—water and ethanol—formic acid—water give equally good results. The former system 
readily separated the galactose sulphation mixture (barium salts) into unchanged galactose 
and monosulphate, disulphate being subsequently eluted with water. Lloyd™ has 
recently used a similar method, in which the sulphation mixture (as the free acids) is 
separated on columns of cellulose. Previous workers’® have reported that direct 
sulphation of hexoses gives the 6-sulphate with smaller amounts of isomeric monosulphates. 
In the products of sulphation of glucose and of galactose we have detected three mono- 
sulphates by paper chromatography and agree that one monosulphate predominates. In 


TABLE 2. Physical properties of sugar sulphates. 


[a]p in Relative ft [a]p in Relative ¢ 


Sugar sulphate H,O Ry value Sugar sulphate H,O Ry value 
D-Glucose D-Galactose 
3-(barium sulphate) ......... +33-0° 0-29 6-(barium sulphate) ......... +33-9° 0-20 
6-(barium sulphate) ......... +29-0 0-18 barium sulphate *............ +33-1 0-20 
barium sulphate * ............ + 28-7 0-18 di(barium sulphate) * ...... +38-1 0-05 


* Prepared by direct sulphation of sugar. + Compared with that of glucose in ethyl acetate- 
acetic acid—water. 


the eluate from cellulose columns, the minor components appeared in the early portions 
of the monosulphate fraction and hence, by selection of only the peak and later portions 
of this fraction, the major component was obtained in each case in a chromatographically 
and ionophoretically pure form (Table 2). 

For reference, definitive syntheses of D-galactose 6-sulphate and of D-glucose 3- and 
6-sulphate were undertaken. Glucose 3-sulphate and galactose 6-sulphate were prepared 
by sulphation of the respective di-O-isopropylidene derivatives, removal by hydrolysis 
of the acetone residues, and resolution on cellulose columns. D-Glucose 6-sulphate has 
been prepared " by sulphation of 1,2,3,4-tetra-O-acetyl-p-glucose; but we preferred to 
use 1,2-0-isopropylidene-D-glucofuranose 3,5-orthoborate as the intermediate, since it is 
easily prepared and the blocking groups are readily removed, after sulphation, with little 
hydrolysis of sulphate groups. Separation on a cellulose column then gave D-glucose 
6-sulphate in a chromatographically and ionophoretically pure form. The physical 
constants of the synthetic sugar sulphates are listed in Table 2. 

Many workers have concluded that the main product of direct sulphation of galactose 
and of glucose is probably, in each case, the 6-sulphate and, indeed, this is to be expected 
on the basis of the known greater reactivity of the primary hydroxyl group. Comparison 
of the monosulphates prepared by direct sulphation of glucose and galactose with the 

10 Khym and Cohn, /. Amer. Chem. Soc., 1953, 75, 1153. 


11 Lloyd, Nature, 1959, 183, 109. 
12 Percival and Soutar, J., 1940, 1475. 
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respective 6-sulphates, synthesised as described, on the basis of optical rotations (Table 2) 
supports this view, which was confirmed by comparison of Rp values on paper chromato- 

s run in the normal solvent systems and in a system containing cetylpyridinium 
chloride. The disulphates prepared by direct sulphation are probably mixtures, since 
paper chromatography has indicated that galactose di(barium sulphate) contains at least 
two components. 

Kinetic studies of the hydrolysis of ester sulphate and glycosidic linkages necessitated 
the preparation of methyl glycoside monosulphates. Methyl §-p-galactopyranoside 
monosulphate was prepared by direct sulphation of the glycoside ™ and separation of the 
monosulphate fraction on a cellulose column. The product was free from disulphate but 
still contained a trace of non-sulphated glycoside, which was removed by the ion-exchange 
resin method. The galactoside monosulphate was chromatographically homogeneous and 


TABLE 3. Physical properties of sulphates of glycosides and sugar ketals.* 


Sulphate M. p.t {a]p in H,O 
Me f-p-galactoside ammonium sulphate ..............cccecseeecsceeeeeeeees 174—175° —15-6° 
Me f-p-galactoside di(barium sulphate)  ............ccsceeceeseceeeeeeeeeees — +7:0 
Me a-D-glucoside ammonium sulphate .............ccsseeeseeeeeeceeeeeeeeees 165—166 +78-6 
Me B-p-glucoside ammonium sulphate .............:sseseeeceseeeeeseceeeeers 155 —13:3 
Di-O-isopropylidene-p-galactose 6-(ammonium sulphate) ............... 130 — 24-7 
Di-O-isopropylidene-p-glucose 3-(ammonium sulphate) ..............+6+ 153—155 +5-0 


* Prepared by direct sulphation of glycoside or isopropylidene derivative. { Usually with 
decomp. 


was shown to be the 6-sulphate by periodate oxidation (to be described in a later com- 
munication). Direct sulphation of methyl «- and 8-glucopyranoside 11 gave the respec- 
tive monosulphates with no disulphate, and ion-exchange separations yielded both mono- 
sulphates in chromatographically pure forms. The physical constants of the synthetic 
products are listed in Table 3. Further studies on these sugar sulphates will also be 
reported later. 

Since this paper was first prepared, Lloyd has described other methods for the 
preparation and purification of sugar sulphates. He uses column electrophoresis in 
separating the monosulphate fraction from the disulphate and parent sugar present as 
impurities in a crude monosulphate preparation. 


EXPERIMENTAL 


General Methods.—All solutions were evaporated under diminished pressure below 40°. 

(a) Analytical. Total sulphur was determined, after digestion of the sugar sulphate with 
fuming nitric acid,’ gravimetrically as barium sulphate or by the titrimetric method of Belcher, 
et al‘® Barium was determined as barium sulphate or by dissolution of the barium salt in 
ammoniacal ethylenediaminetetra-acetic acid (EDTA) and titration with magnesium chloride.” 

(b) Paper chromatography. Whatman No. 1 or No. 54 paper was used in the descending 
technique with the solvent systems, (i) butan-l-ol—acetic acid—water (4: 1:5, by vol., organic 
phase), (ii) ethyl acetate—acetic acid—water (6: 3: 2, by vol.), and (iii) butan-1-ol-ethanol—water 
(3: 1:1, by vol.) containing cetylpyridinium chloride (3 g./100 ml.). System (ii) gives good 
resolution of isomeric monosulphates in 3 days (see Table 2). The use of system (iii) for the 
separation of sugar sulphates has‘already been described.4* Carbohydrate zones were detected 
with silver nitrate #* (non-reducing and reducing sugar sulphates) or with p-anisidine hydro- 
chloride (reducing sugar sulphates). The latter reagent is very sensitive, especially when 
the papers are viewed in ultraviolet light. 


13 Rees, Nature, 1960, 185, 309. 

4 Duff and Percival, J., 1941, 830. 

18 Lloyd, Biochem. J., 1960, 75, 478. 

16 Belcher, Bhasin, Shah, and West, /., 1958, 4054. 

17 Belcher, Gibbons, and West, Chem. and Ind., 1954, 127. 
18 Trevelyan, Procter, and Harrison, Nature, 1950, 166, 444. 
19 Hough, Jones, and Wadman, /., 1950, 1702. 
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(c) Paper electrophoresis. Buffers used initially were 0-067m-phosphate (pH 6-8) or 0-2m- 
acetate (pH 7-0), but in later experiments 0-1m-acetic acid, adjusted to pH 6-5 with pyridine, 
was preferred. Whatman No. 54 paper was used throughout and potentials of 10—20 v./cm. 
were applied for 2—4 hr. After the papers had been dried in air, sugar zones were detected 
as for the chromatograms. 

(d) Column chromatography. Whatman standard-grade cellulose powder was washed with 
water, ethanol, and ether before being dried at 35°. The dry powder was poured into the 
column to give a 10 cm. length and the column was then vibrated on the arm of a vibrating 
shaker until the powder had settled. More cellulose was then added and the process repeated 
until the required length was obtained. The column was finally washed with the solvent until 
coloured impurities were no longer eluted. The sample (as barium salts), dissolved in the 
minimum of water, was absorbed on the top of the column and elution was continued with 
the solvent. Ethanol-acetic acid—water (80: 1:19, by vol.) was used as solvent initially; the 
acetic acid was replaced by formic acid (0-33 vol.) in later separations. Fractions (50 ml. each) 
were collected and the elution pattern of the column was established by analysing portions 
(1 ml. each) of each fifth fraction for sugar by the anthrone-sulphuric acid method.” Fractions 
were also examined periodically by paper chromatography and electrophoresis, and then 
bulked as desired. The solutions were evaporated to dryness or to small volume and the 
sulphates precipitated by pouring into ethanol (20 vol.). 

(e) Ion-exchange separation of non-reducing sugar sulphates. A column of the cation- 
exchange resin “‘ ZeoKarb”’ 225 (H* form) was connected in series with, and above, a column 
of the anion-exchange resin, ‘‘ De-Acidite ’’ E or F ({free-base form). The mixture to be resolved 
(as a 1% solution in water) was allowed to percolate slowly down the columns. Elution with 
distilled water was continued until the eluate was free from sugar (anthrone-sulphuric acid 
test). The columns were then disconnected and the anion-exchange resin irrigated with 2n- 
ammonia until all carbohydrate material had been eluted. Excess of ammonia was removed 
from the eluate by passage of a stream of air and, when neutral, the solution was evaporated 
to dryness (25°). The ammonium salt of the sugar sulphate was dried im vacuo over phosphoric 
anhydride. 

Sulphation of Hexoses and Derivatives.—The sugar or sugar derivative (5 g.), dissolved in 
dry pyridine (100 ml.), was treated with the pyridine-sulphuric anhydride reagent ® (3 mol.), 
and the mixture was stirred under anhydrous conditions on a water bath. When cool, 
water (100 ml.) was added; the solution, after being stirred for 1 hr., was adjusted to pH 9 
with saturated aqueous barium hydroxide, and the precipitated barium sulphate was removed 
on the centrifuge. The solution was evaporated at 35°, water being added periodically to 
maintain the volume until all pyridine had been removed. Excess of barium was precipitated 
with carbon dioxide, and the filtrate evaporated to dryness. If colloidal precipitation retained 
barium carbonate, the residue was dispersed in a small volume of water, filtered, and poured 
into ethanol (20 vol.). The precipitated sugar sulphates were washed with ethanol and ether 
and dried over phosphoric anhydride. Some typical yields are given in Table 1. Examination 
of the products by paper electrophoresis usually indicated the presence of monosulphate and 
smaller amounts of disulphate as weli as unchanged sugar. If the reaction was prolonged 
(9—10 hr. at 70°) traces of a trisulphate were also detected. 

Ion-exchange Separation of Galactose Sulphates.—The mixture (5 g.) obtained by sulphating 
galactose at 55° for 9 hr. was dissolved in water (50 ml.), and the solution passed through a 
column of “ ZeoKarb” 215 (H* form). The combined eluate and washings (250 ml.) were 


Eluant Vol. (1) Eluate Eluant Vol. (1.) Eluate 
0-005m-Na,SO, 4:25  ##Monosulphate + trace 0-1m-Na,SO, 1-0 Monosulphate 
of galactose 2n-NH, 0-5 Mono- and di-sulphate 
0-005m-Na,SO, 0-25 #Monosulphate 0-4m-Na,CO, 0-5 Mono- and di-sulphate 


0-01m-Na,SO, 2-5 Monosulphate 


percolated through a column (2 x 22 cm.) of ‘“‘Amberlite ’’ IR-4B (free base form) and the 
column was washed with water until all non-sulphated material had been eluted. From this 
eluate, galactose (0-36 g.) was recovered. The column was then eluted as indicated in the 
Table. Fractions were evaporated to dryness and examined by paper electrophoresis. 


2° Draywood, Ind. Eng. Chem., Analyt., 1946, 18, 499. 
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Cellulose-column Separations.—(a) Galactose sulphates. The mixture (5 g.) of galactose 
sulphates was applied to a cellulose column (4 x 42 cm.), and the column eluted with the 
ethanol-acetic acid—water solvent. Fractions (25 ml. each) were collected and grouped before 
being evaporated to dryness. Fractions 1—15 gave galactose (0-57 g.). Fractions 16—23 
contained a mixture (0-19 g.) of galactose and small amounts of monosulphate; fractions 24— 
47 contained a mixture (0-21 g.) of monosulphates with traces of galactose. Fractions 48—100 
contained the monosulphate (1-06 g.) in a chromatographically and ionophoretically pure 
form (Table 2) [Found: Ba, 21-4. (C,H,,0,S),Ba requires Ba, 21-0%]. A portion (0-5 g.) 
of the barium salt was converted into the sodium salt by passage through a column of 
“ ZeoKarb”’ 225 (sodium form) and evaporation of the eluate. The product (0-37 g.) had 
faj,"* +42-9° (in H,O). Fractions 101—130 gave a mixture (0-09 g.) of monosulphate, and 
disulphate and fractions 154—174 (eluted with water) gave the disulphate (1-68 g.; Table 2) 
(Found: Ba, 27-4. C,H,,0,,5,Ba requires Ba, 28-8%). A later examination of this batch 
by paper chromatography indicated that it probably contained two isomeric disulphates. 

(b) Glucose sulphates. A similar resolution of the mixture (5 g.) obtained by direct sulph- 
ation of glucose at 65—67° for 6 hr. gave the monosulphate as main component (0-74 g.; Table 2) 
(Found: Ba, 21-4; S, 9-4. (C,H,,0,S),Ba requires Ba, 21-0; S, 9-8%]. 

Methyl 6-p-Galactopyranoside Ammonium Sulphate.—Methy] 8-pD-galactopyranoside (21-5 g.; 
m. p. 175°, {aJ,,2° —0-69°) was sulphated at 65—70° for 5 hr. to give a product (45-5 g.), which 
contained unchanged galactoside and mono- and di-sulphate. The product (5 g.) was partly 
resolved on a cellulose column (45 x 4 cm.) into main fractions: (i) a mixture (0-35 g.) of 
galactoside with a trace of the monosulphate; (ii) a mixture (0-34 g.) of galactoside and mono- . 
sulphate; (iii) monosulphate (2-4 g.) containing traces of galactoside; and (iv) methyl 6-p- 
galactopyranoside di(barium sulphate) (1-05 g.; Table 3) (Found: Ba, 26-6. C,H,,0,,S,Ba 
requires Ba, 28-0%). Fraction (iii) (1-03 g.) was further separated into unchanged galactoside 
and methyl $-p-galactopyranoside ammonium sulphate (0-65 g.; Table 3), m. p. 149—150°, 
decomp. 174—175° (Found: S, 11-1. C,H,,O,NS requires S,11-1%). A larger-scale resolution 
of the sulphation mixture (15 g.) gave the monosulphate (4-54 g.), and the disulphate (3-99 g.). 

Methyl a-D-Glucopyranoside Ammonium Sulphate——Methyl a-pD-glucopyranoside (63-5 g.; 
m. p. 135—136°, [a],** +158-8°) was sulphated at 65—70° for 5 hr. to give a product (146 g.) 
containing only the monosulphate and unchanged glucoside. This was resolved by ion-exchange 
into methyl glucoside (4 g.) and methyl «-p-glucopyranoside ammonium sulphate (96 g.; 
Table 3), m. p. 165—167° (decomp.) (Found: S, 11-7. C,H,,NO,S requires S, 11-1%). 

Methyl 8-p-Glucopyranoside Ammonium Sulphate.—Sulphation of methyl §-p-gluco- 
pyranoside (8-1 g.; m. p. 105—106°, {a],14 —34-0°) gave a product (18-3 g.) containing only 
monosulphate and unchanged glucoside. The product (10 g.) was resolved, as above, into 
methyl glucoside (0-2 g.) and methyl 6-p-glucopyranoside ammonium sulphate (5-0 g.; Table 3), 
m. p. 155° (decomp.) (Found: S, 11-3. C,H,,NO,S requires S, 11-1%). 

D-Galactose 6-(Barium Sulphate).—1,2:3,4-Di-O-isopropylidene-«-p-galactose #4 (20 g.; 
{a|,"* —41-9°) was sulphated with 1-5 mol. of reagent at 70° for 4 hr., to give a mixture (24-1 g.) 
of starting material and the monosulphate. The mixture (5 g.) was separated by ion-exchange 
into starting material (1-87 g.) and 1,2:3,4-di-O-isopropylidene-p-galactose 6-(ammonium 
sulphate) (2-59 g.; Table 3), m. p. 130° (decomp.) (Found: S, 9-1. C,,H,,0,NS requires 
S, 90%). The sulphation mixture (15 g.) was heated at 100° in 1% acetic acid (300 ml.) for 
3 hr., giving a mixture (12-2 g.) of galactose and galactose 6-sulphate. This mixture (10 g.) 
was separated on a cellulose column (50 x 8 cm.) and yielded p-galactose 6-(barium sulphate) 
(43 g.; Table 2) (Found: Ba, 20-3; S, 9-7. (C,H,,0,S),Ba requires Ba, 21-0; S, 9-8%]. 
A portion (2 g.) was converted into the sodium salt by passage through “‘ ZeoKarb”’ 225 
(sodium form). The galactose 6-(sodium sulphate) had [a], +50-0° (Found: §S, 11-2. 
C,H,,NaO,S requires S, 11-4%). 

D-Glucose 3-(Barium Sulphate).—1,2:5,6-Di-O-isopropylidene-p-glucofuranose * (20 g.; m. p. 
105—106°, [a], —17-1°) was sulphated, as above, to give a mixture (30-4 g.). From the 
mixture (2-5 g.) was isolated di-O-isopropylideneglucofuranose 3-(ammonium sulphate) (1-52 g.; 
Table 3) (Found: S, 8-7. C,,H,,;NO,S requires S, 9-0%). Treatment of the sulphation product 
(9-5 g.) with 1% acetic acid gave a mixture (6-7 g.), which on a cellulose column gave D-glucose 
3-(barium sulphate) (5-5 g.; Table 2) [Found: Ba, 20-9; S, 9-7. (C,H,,0O,S),Ba requires 

*1 Van Grunenberg, Bredt, and Freudenberg, J. Amer. Chem. Soc., 1938, 60, 1507. 

* Bell, J., 1935, 1874. 
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Ba, 21-0; S, 9-8%]. The sodium salt, prepared as above, had [a]p?® +29-2° (Found: S, 10-7, 
C,H,,NaO,S requires S, 11-4%). 

p-Glucose 6-(Barium Sulphate).—1,2-O-Isopropylidene-«-pD-glucofuranose 3,5-orthoborate, 
prepared by Vargha’s method,* had [a],2° +7-3°. A portion (9-67 g.) was sulphated with 
1-5 mol. of reagent at 65—70° for 6 hr., to give a mixture (17-4 g.) containing starting material 
and monosulphate. The mixture (16-6 g.) was heated at 100° with 1% acetic acid (300 ml.) 
for 3 hr. and then evaporated to afford an amorphous solid (15-8 g.). Separation of this product 
(8-8 g.) on a cellulose column (90 x 7 cm.) as above gave D-glucose 6-(barium sulphate) (2-52 g.; 
Table 2) (Found: Ba, 21-3; S, 9-8. (C,H,,0O,S),Ba requires Ba, 20-9; S, 9-8%). 
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927. Synthetical Studies of Terpenoids. Part VI.1 Synthesis 
of (+)-Nimbiol Methyl Ether. 


By P. K. RAMACHANDRAN and PHANINDRA CHANDRA DvutTTA. 


The (+)-form of nimbiol methyl ether has been synthesised and its 
structural identity with the (+)-form has been established by infrared 
studies. 





Tue bark of Melia Azadirachta L., which is extensively used in the indigenous system of 
medicine in India, contains? as a component the phenolic ketone (I) whose structure 
was established by degradation. We now record the synthesis of its (+-)-methy] ether (II). 

The ketone ® (III) was prepared in improved yield from the acid chloride of the aryl- 
butyric acid * by ring-closure with stannic chloride and was allowed to react with methyl- 
magnesium iodide. The hydrocarbon (IV) was obtained, dehydration occurring during 
distillation (the presence of iodine formed by decomposition of the Grignard complex 
with mineral acids should be avoided as it would lead to the formation of the naphthalene 
derivative). The hydrocarbon (IV) with perbenzoic acid gave a crude epoxide which on 
isomerisation with dilute sulphuric acid ® afforded the tetralone (V) in an excellent yield. 
This was condensed with 2-chloroethyl ethyl ketone in presence of sodium methoxide, 
giving the crystalline unsaturated ketone (VI). Methylation by the standard procedure * 
afforded the tetramethyl ketone (VII), which did not crystallise but was characterised by 
lack of absorption at 220—250 my and by a yellow 2,4-dinitrophenylhydrazone. This in 
turn was reduced catalytically to the crystalline octahydro-ketone (VIII) with a trans- 
ring junction arising from 1,3-diaxial interaction.? The saturated ketone (VIII) was then 
subjected to Huang-Minlon reduction and the viscous product was oxidised with chromic 
acid. The desired ketone (II) was obtained, which was characterised by a red 2,4-dinitro- 
phenylhydrazone and absorption maxima in ethanol at 231 and 279 mu (log « 4-1, 4:1). 
Isolation of a monoketone (II) further corroborates the trans-ring junction, being a 
diagnostic procedure for determining the nature of the ring junction in octahydro- 
phenanthrenes.* The ketone (II) melts at 118—119° and the mixed melting point with 


1 Part V, Narang and Dutta, J., 1960, 2842. 

* Bhattacharji, Mitra, and Siddiqui, J. Sci. Ind. Res., India, 1949, 8, B, 188; 1953, 12, B, 154; 
Choudhuri, Khastagir, and Sen Gupta, Chem. and Ind., 1958, 861; 1959, 634, 1284. 

* Buu-Hoi, Cagniant, Hoan, and Khoi, J. Org. Chem., 1950, 15, 950. 

* Desai and Wali, Proc. Indian Acad. Sci., 1937, 6, A, 144. 
Howell and Taylor, J., 1958, 1248. 
Conia, Bull. Soc. chim. France, 1954, 690, 943. 
Stork and Schulenberg, J. Amer. Chem. Soc., 1956, 78, 250. 
Wenkert and Chamberlin, J. Amer. Chem. Soc., 1959, 81, 698. 
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the (+)-methyl ether (m. p. 141—142°) is118—120°. The infrared spectra (KBr disc) of the 
two are superimposable, thereby establishing their identity. Fetizon ® has also synthesised 
the (+)-ether (II) but found m. p. 108—110°. The mixed melting point of the two 


OR OMe OMe OMe 
Me Me Me Me 
Me O ~ Me 
> oO .@) 
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() R= H OMe shay > ey 
(II) R= Me Me Me Me 
Me Me Me 
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7 Me Me, Me, H 
(VI) (VII) (VIII) 


synthetic specimens is 108—112°, indicating that the ether may exist in polymorphic 
forms although it is possible that Fetizon’s sample is slightly impure. Occurrence of 
sugiol !° along with nimbiol (I) in the bark suggests a common pathway for the biogenesis 
of these compounds from diterpenoid intermediates.“ 


EXPERIMENTAL 


Ultraviolet spectra were measured for ethanol solutions. Light petroleum was a fraction 
with b. p. 40—60°. 

1,2-Dihydro-6-methoxy-4,7-dimethylnaphthalene (I1V).—To a solution of 7-methoxy-6-methyl- 
1-tetralone (75 g.) in ether (100 c.c.) was slowly added a Grignard reagent from magnesium 
(11-4 g.), methyl iodide (30 c.c.), and ether (300 c.c.) with stirring. The complex was decom- 
posed after 3 hr. with ice-cold dilute sulphuric acid. The ethereal layer was separated and 
the aqueous solution extracted with ether. The combined ethereal solutions were washed 
with 5% sodium hydrogen sulphite solution and water and on distillation afforded the ether 
(IV) (66-5 g., 89-6%), b. p. 140—145°/6 mm. (Found: C, 82-9; H, 8-7. (C,,;H,,O requires 
C, 82:9; H, 85%). 

7-Methoxy-1,6-dimethyl-2-tetralone (V).—The preceding ether (IV) (22-5 g.) was oxidised 
with perbenzoic acid (22-5 g.) in chloroform (300 c.c.) at 0°. The solution was washed with 
8n-sodium hydroxide and evaporated. The residue was refluxed with ethanol (150 c.c.), 
water (120 c.c.), and concentrated sulphuric acid (15 c.c.) for 4 hr., then cooled, diluted with 
water, and extracted with ether. On distillation the extract yielded the ketone (V) (19 g., 
717-8%), b. p. 125—135°/0-4 mm. This material was converted into its semicarbazone which 
was crystallised once from alcohol and then decomposed by refluxing 10% oxalic acid solution 
(200 c.c.). The recovered ketone (13-2 g., 69-4%) had 128—-132°/0-4 mm. (Found: C, 75-9; 
H, 7-8. C,;H,,O, requires C, 76-4; H, 7-9%). The semicarbazone (crystallised from ethanol) 
had m. p. 212° (Found: C, 64-4; H, 7:5; N, 16-4. C,,H,N,;O, requires C, 64:3; H, 7:3; 
N, 161%). 

2,3,4,4a,9,10-Hexahydvo-6-methoxy-1,4a,7-trimethyl-2-oxophenanthrene (V1).—The ketone (V) 
(5 g.) in methanol (10 c.c.) was condensed at 0° with freshly distilled 2-chloroethyl ethyl ketone 
(3 g.) in presence of sodium methoxide [prepared from sodium (1-15 g.) and methanol (25 c.c.)] 
under nitrogen. After 2 hr. at 0° the mixture was refluxed for 1 hr., cooled, poured into acidified 
water, and worked up as usual. The residue (3-5 g.) distilled at 180—185°/0-4 mm. It was 
chromatographed through alumina (100 g.) and eluted with light petroleum—benzene (4: 1); 
the phenanthrene separated from light petroleum in needles, m. p. 87°, Amax, 246 my (log ¢ 4-2) 

® Fetizon, personal communication; cf. Tetrahedron Letters, 1960, No. 9, 16. 


10 Brandt and Thomas, J., 1952, 2442. 
11 Wenkert and Jackson, J. Amer. Chem. Soc., 1958, 80, 211. 
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(Found: C, 80-3; H, 8-6. C,,H,,0, requires C, 80-0; H, 8-2%). The deep-red 2,4-dinitro. 
phenylhydrazone, m. p. 232°, crystallised from ethyl acetate (Found: C, 64-3; H, 5-8. 
CyHygN,O, requires C, 64:0; H, 58%). 
1,2,3,4,4a,9-Hexahydro-6-methoxy-1,1,4a8,7-tetramethyl-2-oxophenanthrene (VII).—To an ice- 
cold solution of potassium t-butoxide [from potassium (0-8 g.) in benzene (30 c.c.)] the ketone 
(VI) (3-5 g.) was added dropwise and the dark solution was stirred at 50—60° for 0-5 hr. under 
nitrogen, then cooled in ice, treated with methyl iodide (2 c.c.), refluxed for 1 hr., and poured 
into aqueous acid. Working up as usual gave a crude product that did not crystallise even 
after chromatography over neutral alumina. The 2,4-dinitrophenylhydrazone showed the 
presence of a trace of the unchanged ketone; the pure, yellow derivative, crystallised from 
ethanol, had m. p. 206° (Found: C, 64-3; H, 6-2. C,,;H,,N,O, requires C, 64-6; H, 6-0%). 

(+) - 1,2,3,4,4a,9,10,10ac - Octahydro - 6 - methoxy - 1,1,4a8,7 - tetramethyl - 2-oxophenanthrene 
(VIII).—The ketone (VII) (3-5 g.) was hydrogenated in ethanol (20 c.c.) in presence of 10% 
palladium-—charcoal (250 mg.) and a drop of perchloric acid. The product (1-2 g.) obtained 
by chromatography through neutral alumina (100 g.) and elution with light petroleum- 
benzene (7: 3) crystallised from a small quantity of light petroleum, affording the octahydro- 
phenanthrene, m. p. 104° (Found: C, 80-0; H, 9-4. C,,H,,O, requires C, 79-6; H, 9-1%). The 
2,4-dinitrophenylhydrazone crystallised from ethanol as yellowish-orange flakes, m. p. 186° 
(Found: C, 64-3; H, 6-5. C,,H,9N,O, requires C, 64-3; H, 6-5%). 

(+) - 1,2,3,4,4a,9,10,10aa - Octahydro - 6 - methoxy - 1,1,4a8,7 - tetramethyl - 9 - oxophenanthrene 
{()-Nimbiol Methyl Ether] (I1).—The ketone (VIII) (450 mg.) in distilled diethylene glycol 
(35 c.c.) was heated under reflux with 100% hydrazine hydrate (0-23 c.c.) and potassium 
hydroxide (225 mg.) at 150° for 1 hr. and then at 210° for another hour. Dilution with 
water, acidification, and extraction with ether afforded the crude hydrocarbon (ca. 250 mg.). 
This was dissolved in acetic acid (3 c.c.) and oxidised overnight by chromium trioxide (310 
mg.) in water (1 c.c.) and acetic acid (3c.c.). The product was extracted with chloroform after 
dilution with water, and was passed through alumina (10 g.). Repeated crystallisation from 
methanol gave (-+)-nimbiol methyl ether as needles, m. p. 117—118° (Found: C, 79-5; H, 9-0. 
C,sH,,0, requires C, 79-6; H, 9-1%). The scarlet-red 2,4-dinitrophenylhydrazone crystallised 
from ethyl acetate and had m. p. 231° (Found: C, 64:2; H, 63. C,;H39N,O, requires 
C, 64-3; H, 6-4%). 


The authors thank Mrs. Chhabi Dutta for microanalyses, Dr. Khastagir for a sample of 
(+-)-nimbiol methyl ether, and Dr. Fetizon for his preparation, also Dr. U. R. Ghatak for the 
infrared spectra. 
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928. The Biosynthesis of Pteridines. Part I. The Synthesis 
of Riboflavin. 
By R. M. CreEssweLt and H. C. S. Woop. 


Condensation of 5-amino-4-p-ribitylaminouracil (II; R = p-ribityl) with 
the dimeric aldol (VI) from diacetyl, gives a pteridine (VII; R = D-ribityl) 
which readily cyclises to give riboflavin (I; R = p-ribityl). Similar con- 
densation of a new trimeric aldol from biacetyl with the pyrimidine leads to 
riboflavin and 6,7-dimethyl-8-p-ribityl-lumazine (VIII; R = p-ribity)). 
Possible implications of these reactions in the biosynthesis of riboflavin are 
discussed. The synthesis of various model compounds is also described. 


RECENT views on the biosynthesis of pteridines suggest that they are formed from purines 
through an intermediate 4,5-diaminopyrimidine derivative. Albert! has demonstrated 
the conversion im vitro of 2-hydroxypurine into pteridine derivatives under very mild ° 
conditions, and Ziegler-Giinder et al.2 have shown that larve of the amphibian Xenopus 


1 Albert, Biochem. J., 1957, 65, 124. 
# Ziegler-Giinder, Simon, and Wacker, Z. Naturforsch., 1956, 11b, 82. 
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convert [2-*C}guanine into a pteridine of unknown structure. Other hypotheses which 
have recently been reported in outline only +4 involve the conversion of guanosine or its 
5'-phosphate into xanthopterin and related pteridines. 

Many of the intermediate compounds in the above transformations are either unknown 
or incompletely characterised. It is our intention, in this series of papers, to describe 
attempts to synthesise such intermediates and to study their conversion into pteridines 
or related compounds. 

Biochemical experiments have established that, in Ermothecium ashbyii and Ashbya 
gossypii, the benzo{g]pteridine, riboflavin (I; R = p-ribityl), is also formed from purine 
precursors which contribute an intact pyrimidine ring (e.g., II) to the riboflavin 
molecule.5* It has been shown in a similar manner that the dimethylbenzene ring arises 
from acetate units probably in the form of two molecules of biacetyl (or acetoin).78 The 
present paper deals with the reaction between 4,5-diaminopyrimidine derivatives (II) and 
precursors of the benzenoid ring formed from biacetyl to give riboflavin and related iso- 
alloxazines. A preliminary account of this work has already been published.® 


OH 


OO i 


(II) 


og, i Mea wom 


(11) (IV) OHC 


The diaminouracil derivatives (II) were prepared from 4-chlorouracil. This compound 
was obtained conveniently on a large scale by refluxing 2,4,6-trichloropyrimidine with 
4 mol. of aqueous sodium hydroxide (we are indebted to Dr. B. W. Langley for details of 
this method). Nitration of 4-chlorouracil under carefully controlled conditions gave the 
extremely reactive 5-nitro-derivative (III). This compound with methylamine at room 
temperature readily gave 4-methylamino-5-nitrouracil (IV; R= Me), and similarly 
with ethanolamine gave the 2’-hydroxyethylamino-derivative (IV; R = CH,°CH,°OH). 
Reaction of the nitrouracil (III) with a solution of D-ribitylamine prepared by reduction 
of p-ribose oxime gave a crude product which was purified by chromatography on an 
anion-exchange resin to give 5-nitro-4-p-ribitylaminouracil (IV; R = p-ribityl). Reduc- 
tion of these nitro-derivatives with sodium dithionite gave the corresponding diamino- 
uracils (II; R = Me, CH,°CH,°OH, or p-ribityl) which were used directly for condensation. 
Attempts to isolate these compounds led to the formation of self-condensation products, 
the structure of which will be discussed in a subsequent paper. 

5-Amino-4-2’-hydroxyethylaminouracil (II; R = CH,°CH,°OH) was also prepared by 
an alternative route which involved condensation of 4-chlorouracil with ethanolamine at 
140°, followed by introduction and reduction of a nitroso-group at position 5. Attempts 
to apply this method to the synthesis of the ribitylamino-compound (II; R = p-ribityl) 
were not successful although a similar synthesis has recently been reported by Maley and 
Plaut.® 

Reaction of 4-chlorouracil with ethanolamine in refluxing dimethylformamide gave 

* Wood and Neilson, Report Brit. Emp. Cancer Campaign, 1958, 36, 302; 1959, 37, 649. 

‘ Weygand, Angew. Chem., 1959, 71, 746. 
rose. ane J. Biol. Chem., 1954, 210,511; 1956, 219, 365; Goodwin and Pendlington, Biochem. J., 

* Maley and Plaut, J]. Biol. Chem., 1959, 234, 641. 

? Birch and Moye, J., 1957, 412. 


® Plaut, J. Biol. Chem., 1954, 211, 111; Goodwin and Treble, Biochem. J., 1958, 70, 14p. 
*® Cresswell and Wood, Proc. Chem. Soc., 1959, 387. 
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4-dimethylaminouracil and not the expected 4-2’-hydroxyethyl compound. This com- 
pound, which is also formed in somewhat lower yield by refluxing 4-chlorouracil with 
dimethylformamide itself, can be synthesised unambiguously by reaction of 4-chloro- 
uracil with dimethylamine at 120°. It presumably is formed in the dimethylformamide 
reactions by decomposition of an intermediate quaternary salt (V). 

Birch and Moye suggested’ that the precursor of the dimethylbenzene ring of ribo- 
flavin is the aldol (VI) which is formed by self-condensation, in dilute alkali, of 
two molecules of biacetyl. Model experiments leading to lumichrome’ and lumiflavin ® 
(1; R = Me) support this hypothesis. We have studied the condensation of the aldol 
(VI) with 5-amino-4-p-ribitylaminouracil (II; R = p-ribityl) and have shown that this 
leads to riboflavin. The initial product of the condensation is a pteridine (VII; R= 
p-ribityl) (or the isomer with the substituents at positions 6 and 7 interchanged), analogous 
to the intermediates obtained by Birch and Moye.” The ultraviolet spectrum of this 
compound is almost identical with that of crystalline 6,7-dimethyl-8-D-ribityl-lumazine 
(VIII; R= p-ribityl) prepared by condensation of biacetyl with the pyrimidine (II; 
R = p-tibityl). Treatment of the pteridine (VII; R= D-ribityl) with 0-1N-sodium 
hydroxide or, better, with acid in the pH range 1—6 readily gave riboflavin (I; R = p- 
ribityl), identified by mixed melting point, paper chromatography, and ultraviolet and 
infrared spectra. Analogous condensations of the aldol (VI) with 5-amino-4-methyl- 
aminouracil (II; R= Me) and with the 2’-hydroxyethylamino-derivative (II; R= 
CH,°CH,°OH) gave pteridines (VII; R = Me and CH,°CH,°OH) which readily cyclised to 
lumiflavin (I; R = Me) and the 2’-hydroxyethyl analogue (I; R = CH,°CH,°OH). 


CH2 


Mec Co Me-OC Mey 
Me-OC ~ ~CMe-OH Mee “4 @, 


(VI) (VII) (VII) 
HOCH OH 
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(IX) re a (X) 

Paper chromatography of the reaction mixture from condensation of the aldol (VI) 
with pyrimidines (II) showed the presence, in small amount, of a second product. This 
has been obtained crystalline in the methyl and 2’-hydroxyethyl series and tentatively 
assigned structure (IX; R = Me or CH,°CH,OH). These compounds cannot be cyclised 
to the corresponding isoalloxazines (I; R = Me or CH,*CH,°OH) by treatment with acid 
or alkali and we believe this observation is more in keeping with structure (IX) than the 
alternative (X). 

We have recently described the preparation of a new crystalline trimeric aldol of 
biacetyl,® which in certain circumstances can be formed under very mild conditions. 
In aqueous solution, with 4,5-diaminopyrimidine derivatives, it behaves like a mixture of 
biacetyl and the aldol (VI) (or the related open-chain hexanetrione). Thus, it condensed 
readily with 4,5-diaminouracil (II; R= H) to give a mixture of 6,7-dimethyl- 
lumazine and 2,4-dihydroxy-7-(2-hydroxy-2-methyl-3-oxobutyl)-6-methylpteridine. The 
latter compound is identical with material prepared 7 by reaction of the dimeric aldol (VI) 
with the pyrimidine (II; R = H) and on treatment with 0-1N-sodium hydroxide it gave 
lumichrome. Cyclisation could not be effected by treatment with acid of pH 1—6. 

Similar condensation of the trimeric aldol with 5-amino-4-p-ribitylaminouracil (II; 
R = p-ribityl) at room temperature gave a mixture of 6,7-dimethyl-8-D-ribityl-lumazine 


1@ Birch and Moye, J., 1958, 2622. 
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(VIII; R= p-ribityl) and the pteridine (VII; R= p-ribityl). Treatment of this 
mixture with 0-1N-sodium hydroxide, or with acid of pH 1—6, brought about cyclisation 
of the pteridine (VII; R = -ribityl) to give crystalline riboflavin, which was readily 
separated from the unchanged lumazine derivative (VIII; R = p-ribityl). 

Condensation of the trimeric aldol with the pyrimidines (II; R = Me and CH,°CH,°OH) 
gave similar results leading to lumiflavin (I; R = Me) and the 2’-hydroxyethyl analogue 
(I; R = CH,°CH,°OH), together with the related lumazine derivatives (VIII; R = Me 
and CH,*CH,"OH). In each case, the isoalloxazine separated readily in crystalline form, 
the more soluble lumazines being obtained by chromatography of the remaining solution. 

The results obtained above, by using the dimeric aldol (VI), confirm the realistic 
nature of Birch’s hypothesis’ for the biosynthesis of riboflavin. Further, we believe 
that our results with the new trimer of biacetyl, which lead to riboflavin plus 6,7-dimethyl- 
8-p-ribityl-lumazine, offer a useful extension to Birch’s suggestion. The following bio- 
chemical observations are all consistent with a reaction scheme such as that outlined above. 
6,7-Dimethyl-8-p-ribityl-lumazine (VIII; R = p-ribityl) has been isolated, together with 
riboflavin (I; R = p-ribityl), from cultures of E. ashbyii 4 and A. gossypii. The specific 
activity of the lumazine derivative (VIII; R = -ribityl) isolated from cultures of 
A. gossypii after the addition of various radioactive precursors is approximately the same 
as that of riboflavin isolated in the same experiment. At early stages of the incubation, 
however, the activity of the lumazine derivative is higher than that of riboflavin. This is 
consistent with the latter compound’s being formed in a two-stage process which does not 
involve the lumazine (I; R = p-ribityl). 

We have also shown that the pteridines (VII; R = Me, CH,°CH,°OH, and p-ribityl) 
cyclise readily to isoalloxazines (I) under a variety of pH, whereas the unsubstituted 
analogue is cyclised to lumichrome only on treatment with 0-1N-sodium hydroxide. These 
experiments may explain the observation ™ that 4,5-diaminouracil (II; R = H) does not 
stimulate synthesis of flavins, although it is a normal metabolite of E. ashbyii,™ and 
further biochemical work using 5-amino-4-substituted aminouracils would be of interest. 


An alternative hypothesis ™™ that 6,7-dimethyl-8-p-ribityl-lumazine (VIII; R = p- 
ribityl) is a precursor of riboflavin in moulds such as E. ashbyti and A. gossypii is supported 
by biochemical experiments using cell-free extracts of the organism. Such experiments, 
however, do not exclude the possibility of a second, more efficient, route for the 
biosynthesis of riboflavin. 


EXPERIMENTAL 


Yields of substances that have no definite m. p. refer to the stage when they appeared 
homogeneous in paper chromatography. Chromatograms were developed by the ascending 
technique, the solvents being (A) butan-1l-ol—5n-acetic acid (7: 3) and (B) 3% aqueous ammon- 
ium chloride, and were viewed in ultraviolet light of wavelengths 254 and 365 mu... Whatman 
No. 1 paper was used except where stated otherwise. Infrared spectra were determined for 
Nujol mulls or KBr discs. Ry values and ultraviolet absorption spectra of the products 
obtained are given in an annexed Table. 

4-Chloro-2,6-dihydroxypyrimidine.—2,4,6-Trichloropyrimidine (48 g.) was added to a solution 
of sodium hydroxide (41-8 g.) in water (420 c.c.) and refluxed for 16 hr. The mixture was cooled 
(the sodium salt of the product separating) and acidified with 12N-hydrochloric acid (50 c.c.). 
The precipitated product was collected, washed with water, and dried, to give 4-chlorouracil as 
a white powder (35-2 g., 92%), m. p. 300° (decomp.). This material is sufficiently pure for 
further work, but it can readily be recrystallised from boiling water (50 parts). 

4-Chloro-2,6-dihydroxy-5-nitropyrimidine (III).—4-Chlorouracil (5 g.) was dissolved gradually 


1 Masuda, Pharm. Bull. (Japan), 1956, 4, 375; 1957, 5, 136. 

1% Brown, Goodwin, and Pendlington, Biochem. J., 1955, 61, 37; Korte, Aldag, and Schicke, Z. 
Naturforsch., 1958, 18b, 463; Korte, Aldag, Ludwig, Paulus, and Stériko, Annalen, 1958, 619, 70. 

18 Goodwin and Treble, Biochem. ]., 1957, 67, 10P. 

™ Maley and Plaut, J. Amer. Chem. Soc., 1959, 81, 2025. 
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in 36n-sulphuric acid at <45°, and nitric acid (d 1-5; 5-3 c.c.) was then added slowly with 
stirring at 0°. The solution was kept at room temperature for 30 min., a solid separating, and 
then treated with ice (20 g.). The white product was collected, washed with ice-cold water 
(2 x 20 c.c.), and dried im vacuo (P,O,;), to give the extremely reactive 4-chloro-5-nitrouracil 
(2-35 g., 36%), m. p. 220—222°. Recrystallisation of this material proved impossible (Found: 
C, 25-8; H, 1-5. C,H,CIN,O, requires C, 25-1; H, 1-1%). " 


Chromatographic behaviour and ultraviolet spectra of the products. 


Ry in solvent 


Compound (A) (B) Amax. (Mp) (c in parentheses *) in H,O at pH given 
Pyrimidines 
S-Chilorouracil — .......ccceseccceoees 0-67 0-67 220 (8600), 278 (10,300) pH 13 
TEE. avekeinuemecsanlaeceneiniiinarse -- -- 281 (8000), 315 (8600) pH 1 
GEV e Oe OE MD © Secavecccectecoscsens 0-25 0-60 224 (19,000), 322 (11,600) pH 1 
218 (15,700), 338 (14,200) pH 13 
(IV; R = CH,°CH,°OH) ......... 0-25 0-64 228 (23,000), 324 (13,400) pH 1 
216 (17,900), 333 (11,500) pH 13 
(IV; R = CH,°CH,OAc) ...... 0-38 0-70 227 (23,500), 321 (12,800) pH 1 
218 (16,250), 337 (15,250) pH 13 
ee ee ee 0-09 0-66 228 (25,700), 323 (14,200) pH 1 
217 (17,900), 336 (17,000) pH 13 
Pteridines 
(VIII; R = CH,’CH,°OH)...... 0-19 0-76 256 (14,700), 276 * (10,100), 408 (11,300) pH 1 
230 (18,600), 280 (10,700), 312 (14,200) pH 13 
CPEs SEO GED secccckscsivetouns 0-16 0-72 256 (12,200), 274 (8200), 405 (8800) pH 1 
242 (18,100), 312 (19,600), 362 (5800) pH 13 
(VIII; R = p-ribityl) ............ 0-10 0-78 258 (13,300), 276% (8900), 408 (9700) pH 1 
228 (15,400), 279 (11,300), 314 (7800) pH 13 
(VII; R = CH,°CH,OH) ....... 0-29 0-72 258 276° 412 pH 1 
(VETS RR ae MEap cocci cc cssiseecscccee 0-24 0-62 258 276% 407 pH 1 
(VII; R= p-ribityl) ............ 0-17 0-65 258 276% 411 pH 1 
(IX; R = CH,°CH,°OF) ......... 0-40 0-56 260 (16,200), 300 * (9000), 430 (10,900) pH 1 
224 (19,200), 272 (15,800), 454 (14,500) pH 13 
(TAs Bee wild ce 0-38 0-47 260 (21,300), 298 ® (10,200), 434 (12,000) pH 1 
226 (22,300), 272 (18,300), 456 (16,100) pH 13 
(IX; R = p-ribityl) ............... 0-22 0-50 260 300° 433 pH 1 
226 274 456 pH 13 
Isoalloxazines 
(I; R = CH,-CH,°O8) ........... 0-41 0-32 223 (31,100), 267 (29,600), 376 (9900), pH 1 
444 (10,900 
222 (27,700), 270 (35,800), 356 (11,700), pH 13 
446 (12,300) 
Rh  SR EE ey eee 0-32 0-22 222 (25,900), 265 (27,800), 375 (8800), pH 1 
440 (9100) 
220 (36,600), 269 (33,700), 353 (9100), pH 13 
444 (9300) 
Gs? Ra Bet ace.ii..c..05.. 0-22 0-37 223 (35,500), 267 (35,500), 376 (10,700), pH 1 
445 (11,500) 


222 (26,600), 270 (31,700), 356 (10,600), pH 13 
447 (10,600) 
« Where no value for the extinction coefficient is given, the spectrum is that given by a single spot 
or band eluted from paper chromatograms. *° Shoulder. 


2,6-Dihydroxy-4-methylamino-5-nitropyrimidine (IV; R = Me).—4-Chloro-5-nitrouracil (1-3 
g.) in ethanol (60 c.c.) was treated with methylamine (2 equiv.) in alcohol. The mixture was 
heated to boiling and water added dropwise to effect dissolution. On cooling, the methylamino- 
pyrimidine (1-1 g., 87%) separated as needles, m. p. >300° (Found: C, 32-1; H, 3-6; N, 29-5. 
C,H,N,0O, requires C, 32-3; H, 3-3; N, 30-1%). 

2,6-Dihydroxy-4-2'-hydroxyethylamino-5-nitropyrimidine (IV; R = CH,°CH,°OH).—An 
analogous condensation using 4-chloro-5-nitrouracil and ethanolamine gave the 2’-hydroxy- 
ethylaminopyrimidine (62%) as needles, m. p. 217—219° (Found: C, 33-6; H, 3-8; N, 26-2. 
C,H,N,O, requires C, 33-3; H, 3-7; N, 26-0%). 

This pyrimidine with pyridine and acetic anhydride gave the acetate as needles, m. p. 326° 
(Found: C, 37-3; H, 3-5; N, 22-1. C,H, N,O, requires C, 37-2; H, 3-9; N, 21-7%). 
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p-Ribitylamine.—This was prepared by catalytic reduction !* of p-ribose oxime ** in presence 
of a platinum catalyst. The resulting solution, after removal of the catalyst, was shown to 
contain 96% of amine by titration with standard acid. Ion-exchange chromatography of a 
sample showed the presence of two non-volatile basic components in the solution. 

2,6-Dihydroxy-5-nitro-4-D-ribitylaminopyrimidine (IV; R = p-ribityl).—To a solution of 
crude pD-ribitylamine (from 6-6 g. of oxime) was added 4-chloro-5-nitrouracil (3-9 g.) in ethanol 
(200 c.c.). The resulting solution was left at room temperature for 24 hr. A solid 
(1 g.) separated and was collected and identified as 4-amino-2,6-dihydroxy-5-nitropyrimidine.” 
The pH of the filtrate was adjusted to 10-7 with ammonium formate buffer, and the solution 
run on to a column of the anion-exchange resin (Amberlite CG 400; formate form) which had 
previously been prepared by washing the resin with ammonium formate buffer (0-1m with 
respect to formic acid) at pH 10-7. The column was washed thoroughly with ammonium 
formate buffer of pH 10-7, and then with buffer of pH 7-4 (0-1m with respect to formic acid) ; 
a bright yellow pyrimidine was eluted that showed ultraviolet absorption maxima at 218 and 
334 my at pH 13 but is as yet unidentified. 

Elution with buffer of pH 4 (0-1m with respect to ammonia) eluted a second pyrimidine in 
anarrow band. Evaporation of this eluate at <40° to about 10 c.c., followed by the addition 
of ethanol (500 c.c.), gave a white solid. This was freed from ammonium formate by boiling 
ethanol (150 c.c.) in which ammonium formate is soluble. The resulting ribitylaminopyrimidine 
(2-7 g.), m. p. 203—204°, could not be recrystallised (Found: C, 33-8; H, 48; N, 17-4. 
C,H,,N,O,,H,O requires C, 33-3; H, 5-0; N, 17-3%); it had [a},,%* +4-5° (c 1-25 in 0-1N-NaOH). 

2,6-Dihydroxy-4-2'-hydroxyethylaminopyrimidine.—4-Chlorouracil (2 g.) and ethanolamine 
(2 g.) in water (50 c.c.) were heated at 140° for 2 hr. in a sealed tube. Water was removed from 
the mixture im vacuo and the residue recrystallised thrice from water, to give the pyrimidine 
(0-31 g.) as needles, m. p. 256—258° (Found: C, 42-0; H, 5-2; N, 24:3. C,H,N,O, requires 
C, 42-1; H, 5-3; N, 24-6%). 

2,6-Dihydroxy - 4-2’-hydroxyethylamino-5-nitrosopyrimidine.—2,6- Dihydroxy - 4-2’-hydroxy- 
ethylaminopyrimidine (0-13 g.) was dissolved in hot 2N-hydrochloric acid (3 c.c.). To the 
chilled solution was added, dropwise, sodium nitrite (0-16 g.) in water (1-6 c.c.), and the solution 
was then allowed to come to room temperature. A pink solid (0-14 g.) that separated recrystal- 
lised (twice) from water, to give the nitrosopyrimidine as purple plates, m. p. 240° (decomp.) 
(Found: C, 36-1; H, 3-9; N, 28-0. C,H,N,O, requires C, 36-0; H, 4:0; N, 28-0%). 

4-Dimethylamino-2,6-dihydroxypyrimidine.—(a) 4-Chlorouracil (0-5 g.), dimethylamine 
(3 c.c. of a 33% w/w ethanolic solution), and ethanol (25 c.c.) were heated at 120° for 4 hr. ina 
sealed tube. The resulting solution was taken to dryness and the residue recrystallised thrice 
from water to give the dimethylaminopyrimidine as plates (0-375 g.), m. p. >300° (lit.,1* >300°) 
(Found: C, 46-5; H, 5-5; N, 27-0. Calc. for CsH,N,O,: C, 46-4; H, 5-8; N, 27-1%). 

(b) 4-Chlorouracil (3 g.) and ethanolamine (3 g.) were refluxed for 2 hr. in dimethyl- 
formamide (50 c.c.). The white product which separated on cooling, and a further quantity 
obtained by evaporation of the filtrate, were recrystallised twice from water to give the 
pyrimidine (0-75 g.) as plates, m. p. >300° (Found: C, 46-4; H, 5-2; N, 285%). The infrared 
spectrum of this material was identical with that prepared as in (a) above. 

(c) This dimethylaminopyrimidine was also obtained by refluxing 4-chlorouracil with 
dimethylformamide for 2 hr. 

8-2’-Hydroxyethyl-6,7-dimethyl-lumazine (VIII; R = CH,°CH,°OH).—2,6-Dihydroxy-4-2’- 
hydroxyethylamino-5-nitropyrimidine (0-4 g.) in water (50 c.c.) was hydrogenated over a 
platinum oxide (0-2 g.) catalyst. The theoretical amount of hydrogen was taken up in 5 hr. 
after which the hydrogen in the apparatus was replaced by nitrogen and the solution was 
treated with biacetyl (0-3 g.) in ethanol (25c.c.). After 30 min. at room temperature the 
catalyst was removed and the green-fluorescing solution was reduced to ca. 10 c.c. at <40° and 
then refrigerated. The resulting crystals recrystallised from water to give the pteridine as dark 
orange needles (0-05 g.), m. p. 270° (decomp.) (Found: C, 51-0; H, 5-3; N, 23-8. Cj, 9H,.N,O; 
requires C, 50-8; H, 5-1; N, 23-7%). 

A similar product can be obtained from the 5-nitrosopyrimidine. 


1% Kuhn, Desnuelle, and Weygand, Ber., 1937, 70, 1293. 

’ Kuhn, Reinemund, Weygand, and Strébele, Ber., 1935, 68, 1765. 
"” Bitterli and Erlenmeyer, Helv. Chim. Acta, 1961, 34, 835. 

* King and King, ]., 1947 726. 
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6,7,8-Trimethyl-lumazine (VIII; R = Me).—Reduction of 2,6-dihydroxy-4-methylamino-5- 
nitropyrimidine by sodium dithionite followed by condensation with biacetyl as described by 
Birch and Moye ” gave the pteridine, m. p. 308—310 (lit., 320—322°). 

6,7-Dimethyl-8-p-ribityl-lumazine (VIII; R = p-ribityl).—Catalytic reduction of the ap. 
propriate 5-nitropyrimidine as above, followed by condensation with biacetyl, gave the pteridine 
as orange needles with an absorption spectrum in agreement with that in the literature.® 

9-2’-Hydroxyethyl-6,7-dimethylisoalloxazine.—(a) From dimeric biacetyl (V1). 2,6-Dihydroxy- 
4-2’-hydroxyethylamino-5-nitropyrimidine (0-5 g.) was dissolved in water (10 c.c.) at 85—90°, 
To the hot solution was added 10% aqueous sodium hydroxide (3 c.c.), followed by sodium 
dithionite portionwise until the colour was discharged. 12N-Hydrochloric acid was added to 
pH 4, followed by dimeric biacetyl (0-5 g.), and the solution was heated for 15 min. at 90°. 
The resulting mixture was separated by paper chromatography on several sheets of Whatman 
paper No. 17, with solvent system (A). Two components separated readily, and these were 
eluted from the dried chromatograms with water (400 c.c. in each case). The band with the 
lower Ry value had an ultraviolet absorption spectrum almost identical with that of the 
pteridine (VIII; R = CH,°CH,°OH) (see Table), but differed in Rp value from this compound. 
Evaporation of the eluate in vacuo to about 10 c.c. gave 8-2’-hydroxyethyl-7-(2-hydroxy-2- 
methyl-3-oxobutyl)-6-methyl-lumazine (VII; R = CH,°CH,°OH) (or the isomer with the 
substituents at positions 6 and 7 interchanged) as a very hygroscopic orange solid which rapidly 
decomposed to a brown gum. Elementary analysis was not possible and the constitution 
assigned to this compound is based on its spectral characteristics, and on its very ready con- 
version into the isoalloxazine (I; R = CH,°CH,°OH) by the methods described below. The 
eluate, containing the compound of higher Rp value on evaporation gave 8-2’-hydroxy-6-methyl- 
7-(2-methyl-3-oxobut-l-enyl)-lumazine (IX; R = CH,*CH,°OH) as orange needles (0-025 g.), 
m. p. 266—268° (Found: C, 54-6; H, 5-2; N, 18-8. C,,H,,N,O, requires C, 55-2; H, 5-3; N, 
18-4%). This compound was not converted into the isoalloxazine (I; R = CH,*°CH,-OH) by 
acid or alkali. 

A similar reaction was carried out with 0-36 g. of the 5-nitropyrimidine, the intermediate 
pteridine (VII; R = CH,°CH,°OH) being cyclised directly to the isoalloxazine. Thus the 
solution, after the addition of dimeric biacetyl, was heated for 15 min. at 90°, clarified by 
filtration, and adjusted to pH 1 by using 12N-hydrochloric acid. The resulting solution was 
refluxed for 15 min. and cooled; 9-2’-hydroxyethyl-6,7-dimethylisoalloxazine (0-1 g., 21%) 
separated as orange needles, m. p. 298—300° (lit.,1° 300—301°). The infrared and ultraviolet 
spectra of this material were identical with those of an authentic specimen. 

Similar cyclisation was brought about at various pH values in the range 1—6, and at 
pH 13. 

(b) From trimeric biacetyl.® 2,6-Dihydroxy-4-2’-hydroxyethylamino-5-nitropyrimidine 
(0-25 g.) was reduced by sodium dithionite as above. 12N-Hydrochloric acid was added to 
pH 4, followed by trimeric biacetyl ® (0-25 g.), and the mixture was heated for 10 min. at 90°. 
Chromatography of the mixture showed the presence of two pteridines identical with those 
described in (a) above, plus a third compound which was shown to be 8-2’-hydroxyethyl-6,7-di- 
methyl-lumazine by comparison with an authentic sample. 

Direct cyclisation of the intermediate pteridine (VII; R = CH,°CH,°OH) was effected as 
above by refluxing a solution of it for 15 min. at pH 1. On cooling, the isoalloxazine separated 
as orange needles (23%), m. p. 299—300°. The mother-liquors contained 8-2’-hydroxyethyl- 
6,7-dimethyl-lumazine which was separated by large-scale paper chromatography, plus small 
quantities of the pteridine (IX; R = CH,°CH,°OH). 

Lumiflavin (I; R = Me).—(a) From dimeric biacetyl (V1). 2,6-Dihydroxy-4-methylamino- 
5-nitropyrimidine (0-23 g.) was reduced and condensed with dimeric biacetyl (0-5 g.) as above. 
The intermediate pteridine (VII; R = Me) readily cyclised when the solution at pH 1 was 
refluxed for 30 min. Lumiflavin (I; R = Me) was obtained by chloroform-extraction of the 
resulting yellow solution, followed by evaporation of the extract, to give orange needles (0-03 g.) 
identical with authentic lumiflavin.2® We believe that this cyclisation procedure is superior 
to the method of Birch and Moye '° who used polyphosphoric acid. 

The aqueous layer from the above chloroform-extraction deposited an orange solid (0-035 g.) 


1® Fall and Petering, J]. Amer. Chem. Soc., 1956, 78, 377. 
© Kuhn, Rudy, and Wagner-Jauregg, Ber., 1933, 66, 1950. 
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overnight. Recrystallisation from water gave 6,8-dimethyl-7-(2-methyl-3-oxobut-1-enyl)-lumazine 
(Ix; R= Me) as orange needles, m. p. 258—262° (Found: C, 55-5; H, 51; N, 20-2. 
CygsH,4N,O;3,0°5H,O requires C, 55-2; H, 5-3; N, 19-8%). As in the case of the hydroxyethyl 
analogue, this compound was not converted into the isoalloxazine by acid or alkali. 

(b) From trimeric biacetyl.® Similar reduction of the nitropyrimidine (0-2 g.) followed by 
condensation with trimeric biacetyl (0-28 g.) and cyclisation at pH 1 for 1 hr. gave lumiflavin as 
bright orange needles (0-04 g., 30%), m. p. 326° (lit.,2° 328°). The mother-liquors were shown 
by paper chromatography to contain 6,7,8-trimethyl-lumazine plus small quantities of the 
pteridine (IX; R = Me). 

Riboflavin (I; R = p-ribityl).—(a) From dimeric biacetyl (VI). 2,6-Dihydroxy-5-nitro-4-p- 
ribitylaminopyrimidine (0-2 g.) was reduced with sodium dithionite, and subsequently condensed 
with dimeric biacetyl (0-25 g.) as above. Paper chromatography of the resulting solution 
showed the presence of two pteridines, which from their spectral characteristics (see Table) are 
assigned structures (VII; R = p-ribityl) and (IX; R = p-ribityl). The former was readily 
cyclised by heating the mixture for 30 min. at pH 1 and, on cooling, riboflavin (0-016 g.) separated 
as orange needles, m. p. 289° (lit.,46 292°). The infrared and ultraviolet spectra of this material 
were identical with those of authentic riboflavin. 

Similar cyclisation was brought about at various pH values in the range 1—6 and at pH 13. 

(b) From trimeric biacetyl.® Similar reduction of the nitropyrimidine (0-25 g.) followed by 
condensation with biacetyl trimer (0-25 g.) and cyclisation at pH 1 gave riboflavin (0-03 g., 
20%) as orange needles, m. p. 289°. The mother-liquors were shown to contain 6,7-dimethyl- 
§-p-ribityl-lumazine (VIII; R = p-ribityl) plus small quantities of the pteridine (IX; R =. 
p-ribityl). 

Lumichrome.—To a solution of trimeric biacetyl ® (1-85 g.) in water (40 c.c.) at about 80° 
was added 4,5-diamino-2,6-dihydroxypyrimidine sulphate *! (2-45 g.). The mixture was heated 
for a few minutes, treated with charcoal, filtered rapidly, and kept overnight at 0°. The crude 
product was then collected and recrystallised twice from water, to give 7-(2-hydroxy-2-methyl- 
3-oxobuty])-6-methyl-lumazine as light yellow prisms (0-6 g.), m. p. 230—232° (lit.,” 230—232°) 
(Found: C, 51-5; H, 5-2. Calc. for C,,H,,N,O,: C, 51-8; H, 5-1%). 

The mother-liquors were shown to contain 6,7-dimethyl-lumazine by paper chromatography 
and comparison of the ultraviolet spectrum with that of an authentic sample.’ 

Lumichrome was obtained by heating 7-(2-hydroxy-2-methyl-3-oxobutyl)-6-methyl- 
lumazine (0-35 g.) in 0-1N-sodium hydroxide (35 c.c.) for 1 hr. at 100°. Acidification of the 
mixture with 2N-hydrochloric acid gave lumichrome (0-29 g.) as a bright yellow solid, m. p. 
>300°. The ultraviolet and infrared spectra were identical with those of an authentic 
sample.?? 

This pteridine could not be cyclised by using acid in the pH range 1—6. 


The authors thank the D.S.I.R. for the award of a Research Studentship (to R. M. C.). 


Tue Royat COLLEGE OF SCIENCE AND TECHNOLOGY, 
GLascow. [Received, June 3rd, 1960.) 


*1 Bogert and Davidson, J. Amer. Chem. Soc., 1933, 55, 1667. 
*2 Karrer, Salomon, Schépp, Schlittler, and Fritzsche, Helv. Chim. Acta, 1934, 17, 1010. 
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929. The Biosynthesis of Pteridines. Part II1 The Self- 
condensation of 5-Amino-4-(substituted amino)uracils. 
By R. M. CrRESSWELL, THoMAsS NEttson, and H. C. S. Woop. 


Self-condensation of 5-amino-4-(substituted amino)uracils (I) is shown to 
give the pyrimido[5,4-g]pteridines (II). These compounds were also obtained 
by condensation of alloxan with the pyrimidines (I). An unambiguous 
synthesis of one of these pyrimidopteridines eliminates the alternative 
structure (III). 


In Part I! the synthesis of 5-amino-4-p-ribitylaminouracil (I; R = p-ribityl) was de- 
scribed. It has been suggested * that this compound is an intermediate in the biosynthesis 
of riboflavin. Biochemical experiments * to test this hypothesis gave rather inconclusive 
results, and only low yields of riboflavin were obtained. We have already noted the ease 
with which compound (I; R = p-ribityl) undergoes self-condensation, and this reaction 
may explain the disappointing biological results. We have now identified the self- 
condensation product as the pyrimido[5,4-g]pteridine (II; R = p-ribityl). 

The self-condensation product of 5-amino-4-p-ribitylaminouracil (I; R = p-ribityl) 
and of the analogous uracil derivatives (I; R= Me, CH,°CH,°OH, D-mannityl, and 
p-sorbityl) were obtained from solutions of the es pyrimidine which had been exposed 
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to the air. These products were crystalline and it gave an intense blue fluorescence 
in aqueous solution, and had an ultraviolet absorption spectrum analogous to that of the 
pyrimido[5,4-g]pteridines recently prepared by Taylor and Loux.* 

Condensation of alloxan with 5-amino-4-p-ribitylaminouracil (I; R = pD-ribityl) 
according to the method of Taylor and Loux ‘ gave crystals identical in all respects with 
those obtained by self-condensation of the pyrimidine. We assign structure (II; R= 
p-ribityl) to this product. Similar pyrimido[5,4-g]pteridines (II; R = Me, CH,°CH,°OH, 
D-mannityl, and p-sorbityl) were obtained by condensing alloxan with the appropriate 
pyrimidines (I), and in each case the product was identical with that obtained by self- 
condensation of the pyrimidine. 

The alternative structure (III) for these pyrimidopteridines is eliminated as we have 
been able to prepare the 2’-hydroxyethyl compound (II; R = CH,°CH,°OH) by an un- 
ambiguous method, namely, condensation of barbituric acid (IV) with 2,4-dihydroxy- 
6-2’-hydroxyethylamino-5-nitrosopyrimidine (V). 

In early experiments the p-sorbityl compound was not obtained crystalline and its 
identity was confirmed by periodate titration to give the crystalline aldehyde (II; R= 
CH,*CHO) which was reduced by sodium borohydride to the 2’-hydroxyethylpyrimido- 
pteridine (II; R = CH,°CH,°OH). 

? Part I, preceding paper. 

2 McNutt, J. Biol. Chem., 1954, 210, 511; Brown, Goodwin, and Pendlington, Biochem. J., 1955 
61, 37; Kuwada, Masuda, Kishi, and Asai, ]. Vitaminol (Japan), 1958, 4, 217. 


* Kishi, Asai, Masuda, and Kuwada, Chem. Pharm. Bull. (Japan), 1959, 7, 515. 
* Taylor and Loux, ]. Amer. Chem. Soc., 1959, 81, 2474. 
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In an investigation of possible stable derivatives of 5-amino-4-p-ribitylaminouracil 
(I; R = D-ribityl) which might be useful in biological experiments, the formylation of 
various compounds was investigated. Reduction of the 5-nitropyrimidine (VI; = 
Me, R’ = NO,) with zinc and formic acid readily gave a stable crystalline monoformyl 
derivative (VI; R = Me, R’ = NH-CHO) of 5-amino-4-methylaminouracil from which 
the formyl group was removed by aqueous acid at pH 2. Similar treatment of the 2’- 
hydroxyethyl compound (VI; R = CH,°CH,°OH, R’ = NO,) gave a diformyl derivative 
(VI; R = CH,°CH,°0-CHO, R’ = NH-CHO) of the corresponding amine. We have not, 
however, been able to prepare a crystalline formyl derivative of the ribitylaminouracil 
(I; R = p-ribityl). 


EXPERIMENTAL 


For general detail see Part I.1 Ry values of the products and ultraviolet absorption spectra 
are given in the Table below. 

5-Nitro-4-(substituted amino)uracils (VI; R’ = NO,).—4-Methylamino-5-nitrouracil (VI; 
R= Me, R’ = NO,), and the 4-2’-hydroxyethylamino- and 4-p-ribitylamino-analogues (VI; 
R = CH,°CH,°OH or p-ribityl, R’ = NO,) were prepared as described in Part I.* 

4-p-Mannitylamino-5-nitrouracil (VI; R = p-mannityl, R’ = NO,).—p-Mannose oxime ° 
(2-5 g.) in water (150 c.c.) was shaken with hydrogen and platinum oxide (0-5 g.) until the 
theoretical amount of hydrogen had been absorbed. The catalyst was filtered off, and the 
resulting solution of D-mannitylamine was used directly. 


Chromatographic behaviour and absorption spectra of the products. 


Ry in solvent * 





Compound (A) (B)  Amax. (Mp) (c in parentheses) in H,O at pH given 
Pyrimidines pa. a 4 
(VI; R = p-mannityl, R’ = NO,) ... 0-08 0-70 228 (19,200), 324 (11,100) pH 1 
220 (13,900), 340 (14,500) pH 13 
(VI; R = p-sorbityl, R’ = NOQ,)...... 0-08 0-70 228 (18,500), 322 (11,000) pH 1 
220 (13,700), 336 (14,300) pH 13 
(VI; R = Me, R’ = NH°CHO) ........ 0-13 0-79 218 (21,500), 266 (17,900) pH 13 
(VI; R = CH,°CH,°O-CHO; R’ = 
ND oi i cks ed Sodadessucescctissesive 0-11 0-81 221 (22,500), 268 (17,700) pH 13 
Pyrimido[5,4-g]pteridines 
Be OP SID icc ndescdessbscecdedocstccdscs — 0-23 222 (25,100), 277 (10,900), 418 (24,000) pH 1 
236 (32,700), 272 (14,400), 431 (35,500) pH 13 
(II; R = CH,-CH,OH) _...........000. — 0:31 228 (20,400), 278 (9300), 422 (20,800) pH 1 
231 (29,100), 272 (13,100), 436 (31,400) pH 13 
Be Be Se WEED) oo cain cnssnccnecisecosss — 0-34 230 (22,600), 280 (10,300), 422 (22,200) pH 1 
230 (27,100), 272 (11,900), 436 (26,600) pH 13 
(II; R = p-mannityl) .................. _— 0-40 230 (22,100), 280 (10,800), 422 (22,300) pH 1 
231 (26,500), 272 (11,600), 438 (27,600) pH 13 
(II; R = p-sorbityl) ..........c.sesecsees — 0-42 224 (25,800), 280 (9500), 422 (18,400) pH 1 
230 (32,100), 272 (16,000), 438 (25,800) pH 13 
es ee ee CHIN) sin cissecdsscccsdacs 0-04 0-33 221 (28,800), 276 (15,200), 404 (20,300) pH 1 
232 (21,300), 272 (10,000), 436 (23,400) pH 13 
* See Part I. 


To the solution of crude p-mannitylamine was added 4-chloro-5-nitrouracil ! (1-25 g.) in 
ethanol (100 c.c.). The resulting solution was heated on the steam-bath for 15 min., then 
cooled, and the mixture of products was separated on an anion-exchange resin as described 
for the p-ribityl analogue in Part I. Buffer at pH 4 eluted a pyrimidine which crystallised 
on concentration of the solution to give 4-p-mannitylamino-5-nitrouracil (1-6 g.). Re- 
crystallisation from water gave needles, m. p. 247° (Found: C, 33-1; H, 5-4; N, 15-3. 
Cy9H,,N,O,,1-5H,O requires C, 33-0; H, 5-3; N, 15-4%), [a], —2-5° (c 0-22 in 0-05n-NaOH). 

5-Nitro-4-p-sorbitylaminouracil (VI; R = p-sorbityl, R’ = NO,).—Similar reduction of 
D-glucose oxime * (4-0 g.) followed by condensation with 4-chloro-5-nitrouracil (1-6 g.) and 
ion-exchange chromatography of the crude product gave 5-nitro-4-p-sorbitylaminouracil 

5 Fischer and Hirschberger, Ber., 1889, 22, 1155. 

* Wohl, Ber., 1893, 26, 730; Wolfrom and Thompson, J]. Amer. Chem. Soc., 1931, 58, 622. 
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(18 g.) as needles (from water), m. p. 224—225° (Found: C, 34:3; H, 4:9; N, 16-0, 
CypHygN,O,,H,O requires C, 34-0; H, 5-1; N, 15°8%), [a], +17-5° (c 0-20 in 0-05nN-NaOH),. 

Pyrimido[5,4-g)pteridines (II).—Methods (a) and (6) below are typical of the preparation 
of these compounds. The other pyrimidopteridines listed were prepared in analogous fashion, 
and in each case the product from self-condensation [method (b)] of the 5-aminopyrimidine 
(I) was shown by ultraviolet and infrared spectroscopy, and by paper chromatography, to be 
identical with that produced by the alloxan condensation [method (a)]. 

2,10-Dihydro-4,6,8-trihydroxy-10-2’-hydroxyethyl-2-oxopyrimido[5,4-g]pteridine (II; R= 
CH,°CH,°OH).—(a) 4-2’-Hydroxyethylamino-5-nitrouracil ! (0-5 g.) in hot water (12 c.c.) was 
treated with zinc dust (1-6 g.) and 10N-sulphuric acid (1-5 c.c.). The mixture was refluxed 
gently for 10 min. and filtered while still hot. The zinc residues were washed with water (10 
c.c.), the filtrate and washings were combined, and alloxan monohydrate (0-4 g.) was added. 
A deep purple colour was formed immediately. The mixture was refluxed for 2 hr., during 
which the purple colour faded; when it was then cooled a yellow solid separated. Recrystallis- 
ation from water gave the pyrimidopteridine (0-69 g.) as yellow plates, m. p. >325° (Found: 
C, 38-0; H, 3:7; N, 26-5. C,H,N,O,,H,O requires C, 38-7; H, 3-3; N, 27-1%). 

Similar results were obtained by reducing the nitro-group by sodium dithionite in alkali.! 

(6) A solution of the diformyl derivative of 5-amino-4-2’-hydroxyethylaminouracil (0-37 g.) 
in 0-1n-hydrochloric acid (50 c.c.) was refluxed for 6 hr. (the formyl groups are hydrolysed 
during this procedure and the parent amine undergoes self-condensation). The solution was 
concentrated to ca. 10 c.c. and cooled, the pyrimidopteridine (0-25 g.) crystallising as yellow 
plates. The ultraviolet and infrared spectra of this material were identical with those of a 
sample prepared by method (a). 

This self-condensation may also be carried out, less conveniently, by reduction of the 
5-nitropyrimidine (VI; R = CH,°CH,°OH, R’ = NO,) by sodium dithionite and alkali,’ and 
aerating the resulting solution. 

(c) Barbituric acid (0-5 g.) and 4-2’-hydroxyethylamino-5-nitrosouracil (0-5 g.) in glacial 
acetic acid (15 c.c.) containing one drop of 12N-hydrochloric acid were heated for 9 hr. at 160° 
ina sealed tube. After cooling, the solution was filtered arfd 2N-sodium hydroxide was added 
to pH 5. The yellow product (0-35 g.) which separated was recrystallised several times from 
2n-hydrochloric acid, to give the pyrimidopteridine as bright yellow needles, identical with 
that prepared as in (a) and (b) above. 

(d) To a solution of the aldehyde (II; R = CH,°CHO) (60 mg.) in 0-2n-sodium hydroxide 
(10 c.c.) was added an aqueous solution (5 c.c.) of sodium borohydride (15 mg.). The mixture 
was left overnight, and then 2Nn-hydrochloric acid was added to give pH 3. A yellow solid 
separated and was recrystallised from water, to give the 10-2’-hydroxyethylpyrimidopteridine 
(36 mg.) as yellow needles, m. p. >325°, identical with a sample prepared by method (a). 

Prepared in analogous fashion were: 

2,10-Dihydro-4,6,8-trihydroxy-10-methyl-2-oxopyrimido[5,4-g] pteridine (II; R = Me), yellow 
needles (from water), m. p. >325° (Found: C, 38-2; H, 2-3; N, 29-3. C,H,N,O,,H,O requires 
C, 38-6; H, 2-9; N, 30-0%). 

2,10-Dihydro-4,6,8-trihydroxy -10-D-ribityl-2-oxopyrimido[5,4-g]pteridine (II; R=pD- 
ribityl), yellow plates (from water), m. p. >325° (Found: C, 38:3; H, 4:7; N, 2058. 
Cy3sH,4N,O,,1-5H,O requires C, 38-1; H, 4:2; N, 20-5%), [a], —26-0° (c 0-17 in 0-05n-NaOH). 

2,10- Dihydro-4,6,8-trihydroxy-10-D-mannityl-2-oxopyrimido[5,4-g]pteridine (II; R = p- 
mannityl), yellow needles (from water), m. p. >325° (Found: C, 36-4; H, 4:6; N, 17:8. 
C,,H,,.N,O,,3H,O requires C, 36-0; H, 4:8; N, 18-0%), [a], +17° (c 0-33 in 0-05n-NaOH). 

2,10- Dihydro-4,6,8-trihydroxy -10-D-sorbityl-2-oxopyrimido[5,4-g]pteridine (II; R=pD- 
sorbityl), yellow needles (from water), m. p. >325° (Found: C, 37-6; H, 4:4; N, 18-4. 
C,,4H,gN,O,,2H,O requires C, 37-5; H, 4:5; N, 18-7%), (J, +61° (c 0-28 in 0-05n-NaOH). 

10-Formylmethyl-2,10-dihydro-4,6,8-trihydroxy-2-oxopyrimido[5,4-g] pteridine (II; R= 
CH,°CHO).—To a solution of crude 10-p-sorbitylpyrimidopteridine (II; R = p-sorbityl) 
(180 mg.) in water (50 c.c.), sodium metaperiodate (650 mg.) in water (10 c.c.) was added. 
Yellow crystals separated during 2 days at room temperature. Recrystallisation from water 
gave the pyrimidopteridine (120 mg.) as bright yellow plates, m. p. >325° (Found: C, 38-9; 
H, 2-3; N, 27-3. C,H,N,O;,H,O requires C, 38-9; H, 2-6; N, 27°3%). 

5-Formylamino-4-methylaminouracil (VI; R=Me, R’ = NH-CHO).—4-Methylamino- 
5-nitrouracil (0-33 g.) was dissolved in 98% formic acid (20 c.c.) and treated at 90° with zinc 
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dust (0-5 g.). When the initial reaction had subsided, the mixture was heated for a further 
10 min. at 90° and filtered hot. Immediate addition of ethanol (25 c.c.) and ether (200 c.c.) 
to the filtrate precipitated the pyrimidine as a white solid (0-25 g.). Recrystallisation from 
water gave the formyl compound (0-19 g.) as needles, m. p. >325° (Found: C, 39-0; H, 4-4; 
N, 30-1. C,H,N,O, requires C, 39-1; H, 4-4; N, 30-4%). 

5- Formylamino -4-2’-formyloxyethylaminouracil (VI; R= CH,CH,OCHO, R’ = 
NH-CHO).—Similar reduction of the 4-2’-hydroxyethylamino-5-nitrouracil (0-5 g.) by zinc 
dust (0-6 g.) in 98% formic acid (20 c.c.) and refluxing of the solution for 8 hr. gave the diformyl 
derivative (0-22 g.) as colourless needles, m. p. >325° (Found: C, 39-7; H, 4:3; N, 23-3. 
C,H,pN,O; requires C, 39-7; H, 4:2; N, 23-1%). 


Enslin, Hugo, Norton, and Rivett. 4779 
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930. Bitter Principles of the Cucurbitaceae. Part 1X.* 
Cucurbitacin A.t 


By P. R. ENSLIN, JENNIFER M. Huco, K. BARBARA NorRTON, 
and D. E. A. RIVETT. 


The structure of the iso-octyl side chain of the tetracyclic triterpenoid 
acetate, cucurbitacin A, C,,.H,,0,, has been shown to be as in (I; R = COMe). 
Experiments are described to locate the remaining oxygen atoms and 
the nuclear, trisubstituted double bond. 





CUCURBITACE2 contain a group of highly toxic, closely related bitter principles which 
have so far not been found in any other plant family. From 64 species (20 genera) 
investigated, some fourteen crystalline bitter principles have been isolated. 

Cucurbitacin A is found in the three related species, Cucumis hookeri, C. leptodermis, 
and C. myriocarpus, and the formula C,,H,)O, has been proposed for it.2 It was shown to 
contain an «@-unsaturated keto-group (Amax. 229 my), and hydrogenation afforded dihydro- 
cucurbitacin A in which the conjugated double bond had been saturated. Since dihydro- 
cucurbitacin A gave a dioxime which still contained an unreactive keto-group, three 
keto-groups are present. Of the remaining five oxygen atoms, two are present in an 
acetoxy-group and at least two in hydroxy-groups. 

On the basis of molecular-weight determinations by the X-ray method, the formula of 
cucurbitacin A has been revised * to Cy3H,.0,. We now find that it contains four active 
hydrogen atoms: acetylation gave an amorphous triacetate, C,,H,,0,,, which still 
contained a free hydroxy-group (Vmax, 3448 cm.~). 

The dihydrocucurbitacin A described previously has now been found to contain about 
10% of a product which is probably deacetoxydihydrocucurbitacin A (compare the 
reduction products * of cucurbitacin B). Both cucurbitacin A and its dihydro-derivative 
formed mono-2,4-dinitrophenylhydrazones whose ultraviolet absorption spectra indicated 
that an unconjugated ketone group had reacted. This keto-group is probably part of the 
a-ketol-system which caused an intense colour with tetrazolium blue. 

Dihydrocucurbitacin A gave a pale yellow colour with tetranitromethane and so still 


* Part VIII, J. Sci. Food Agric., 1957, 8, 687. 
+ For preliminary accounts see Proc. Chem. Soc., 1958, 301, and Chem. and Ind., 1929, 162. 


1 Enslin and Rehm, Proc. Linnean Soc., 1956—1957, 169 Session, p. 230; Lavie and Willner, J. 
Amer. Chem. Soc., 1958, 80, 710; Eisenhut and Noller, J. Org. Chem., 1958, 23, 1984. 

* Enslin, J. Sci. Food Agric., 1954, 5, 410. 

3 Rivett and Herbstein, Chem. and Ind., 1957, 393. 
* Melera, Schlegel, and Noller, J. Org. Chem., 1959, 24, 291. 
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contains a double bond that resists hydrogenation. All these results point to the presence 
of four alicyclic rings. This is supported by the isolation ° of 1,2,8-trimethylphenanthrene, 
a typical dehydrogenation product of tetracyclic triterpenes, on selenium dehydrogenation 
of reduced cucurbitacin A and now by complete elucidation of the structure of the side 
chain. 
HO*CMeR”*CO*CH=CH*CMe,°OR ——B R”COMe + HO,C*CH=CH’CMe,"OR 
(1) (IT) (IIT) 


tate oe ee 


OHC:CMe,y’OH [OCH:CMey°OH] OHC*CH=CMe, R’-C=C"COMe 
(IV) (VI) | 
(VII) 


(V) Me*CO*CHMe*OH 


Oxidation of cucurbitacin A or its triacetate by periodic acid gave trans-4-acetoxy-4- 
methylpent-2-enoic acid (III; R = Ac), identified by its alkaline hydrolysis to acetic acid 
and the known ¢trans-4-hydroxy-4-methylpent-2-enoic acid® (III; R= 4H). This oxid- 
ation of cucurbitacin A triacetate also afforded the methyl ketone, deoxocucurbitone A 
(II), CygHygOg, thus establishing partial structure (I; R = COMe) for cucurbitacin A. This 
structure now offers an explanation for the formation of other side-chain fragments 
obtained. 

Ozonolysis of cucurbitacin A gave «-hydroxy-«-methylpropionaldehyde (IV) (isolated 
as its 2,4-dinitrophenylhydrazone) by oxidative fission at the double bond and hydrolysis 
of the acetyl group during hydrazone formation. Alkaline hydrolysis of cucurbitacin A 
afforded acetoin (V), a rearrangement product of (IV), which is here produced by a retro- 
aldol condensation.*? Oxidation of cucurbitacin A by chromic acid afforded senecio- 
aldehyde (VI) which requires an allylic rearrangement to precede the oxidation. 

The methyl ketone (II) readily lost acetic acid when adsorbed on acid-washed alumina, 
giving an anhydrodeacetyl substance, C,,H,,0, (VII), which showed an ultraviolet 
maximum at 240 my, and infrared bands at 1667 and 1595 cm.-, consistent with the 
presence of a disubstituted «$-unsaturated keto-group. Ifa trimethyl-steroid structure is 
assumed for cucurbitacin A, then this compound (VII) would be a A’®-20-ketone formed by 
elimination of a 16-acetoxy-group as acetic acid. 


° 
HO 
9 | 
OAc 
OH 
HO 


HO 
HO LY] 
9 (vin . (Ix) 


Recently ® structure (VIII) was proposed for cucurbitacin B, which is the main bitter 
principle in young, unripe fruits of Cucumis myriocarpus. During ripening of the fruits the 
amount of cucurbitacin A slowly increases at the expense of cucurbitacin B, indicating a 
probable biogenetic relation.1 Cucurbitacin A differs from B by having an extra 
hydroxy-group, which we now tentatively place at position 1 for the following reasons. 
The «-ketol group in ring A of cucurbitacin B is slowly autoxidised in dilute alkaline solution 
to a 1,2-diketo-group, as is shown by the development of an enolate band at 312 my, which 


5 Enslin and Rivett, J., 1956, 3682. 

* Lavie, Shvo, and Willner, J. Amer. Chem. Soc., 1959, 81, 3062. 
7 Rivett and Enslin, Proc. Chem. Soc., 1958, 301. 

8 Lavie and Shvo, Chem. and Ind., 1960, 403. 
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was displaced to 268 my (diosphenol band) on acidification. The solution then exhibited 
an intense, stable violet colour with ferric chloride. This «-ketol was selectively oxidised 
to the «-diketone, cucurbitacin E («-elaterin), by bismuth oxide.® Contrary to our earlier 
report,!° cucurbitacin A also developed a strong band at 312 my in alkaline solution. The 
enolate chromophore was, however, unstable and the band disappeared on prolonged treat- 
ment with alkali. Acidification displaced the band to 268 my and the solution then gave, 
with alcoholic ferric chloride, a violet-green colour which faded within 2 minutes (cf. the 
oxidation of enediols by ferric chloride ™). These results are compatible with partial 
structure (IX) for cucurbitacin A. It is noteworthy, however, that the above acidified 
solution (from cucurbitacin A) reduced phenol-indo-2,6-dichlorophenol only very slowly, 
and somewhat more rapidly under alkaline conditions. Oxidation of cucurbitacin A with 
bismuth oxide in acetic acid resulted in a mixture from which no crystalline product was 
isolated. 

Chromium trioxide oxidises the methyl ketone (II), Cyg3H4 Og, or, more conveniently, 
cucurbitacin A triacetate to cucurbitone A, Cy9H3,0j9, in good yield. Its molecular 
formula and the presence of a disubstituted «f$-unsaturated keto-group (Amex. 245 mu, 
¢ 11,900; vmax. 1667 and 1625 cm.) indicates that cucurbitone A is formed by oxidation of 
a methylene group alpha to a trisubstituted double bond. The double bond could then be 
reduced catalytically or by zinc in acetic acid to afford dihydrocucurbitone A, CypH yO jo, 
which showed only saturated keto-bands in the ultraviolet and the infrared spectrum. 

The 16-acetoxy-group in both cucurbitone A and dihydrocucurbitone A was readily 
eliminated on acid-washed alumina to give, respectively, A1®-anhydrodeacetylcucurbitone A, 
CogH 40g (Amax. 240 my, ¢ 19,800; vnax. 1667, 1631, and 1594.cm.~*), and A1*-anhydrodeacetyldi- 
hydrocucurbitone A, CygH5g0, (Amax. 239 my, ¢ 8700; vmx 1669 and 1594 cm."). The 
ultraviolet and infrared spectra are consistent with the presence of a A!®-20-keto-group in 
both products. On catalytic reduction of A1*-anhydrodeacetyldihydrocucurbitone A, 1 mol. 
of hydrogen was rapidly absorbed to give a saturated tetraketone, C,,H5,0, (Amax. 292 my, € 
154). A16-Anhydrodeacetylcucurbitone A contains two «8-unsaturated keto-groups of which 
the A!®-20-keto-group could be reduced readily, yielding a dihydro-derivative, C,,H,,0, 
(Amex. 244 my, ¢ 12,500; vmax 1667 and 1625 cm.). The second conjugated double bond 
was only slowly reduced; this gave the above saturated tetraketone. 

On treatment of dihydrocucurbitone A with sodium methoxide in dry methanol, two 
isomeric substances, C.,H3,0,, were obtained. The major product, Amx. 239 my (e 8900), 
Vmax. 1669 and 1592 cm.-, on acetylation, gave A!*-anhydrodeacetyldihydrocucurbit one A, 
C.,H,,0,. Accordingly, the alkali caused saponification of two acetyl groups and elimin- 
ation of the 16-acetoxy-group as acetic acid, to afford a A’*-20-ketone. The major product 
was also hydrogenated to a dihydro-derivative which, on acetylation, gave the tetraketone 
described above. 

Cucurbitone A developed an unstable red colour (Amax. 495 my) in dilute alcoholic alkali. 
This red colour faded rapidly to yellow, probably as the result of autoxidation, since it was 
more stable in the absence of oxygen. On treatment of cucurbitone A with sodium 
methoxide in dry methanol under nitrogen, a dark, wine-red solution resulted from which 
two colourless crystalline isomers, C,,H3,O,, were isolated. The ultraviolet maximum at 
238 my and infrared bands at 1667 and 1594 cm. of these products showed the presence 
of a A!®-20-keto-group and the absence of the «$-unsaturated keto-group (Amx 245 my, 
Vmax, 1667 and 1625 cm.*) originally present in cucurbitone A. Both substances afforded 
diacetates, C,,H,,0,. Catalytic hydrogenation of the diacetate of the major saponification 
product furnished a dihydro-diacetate, CygH5g03, Amax. 289—290 my (e 129), in which only 
the A'*-bond has been saturated. The two sodium methoxide products from 
cucurbitone A, their diacetates, and the above dihydro-diacetate, all gave the same red 

® Lavie, Shvo, Willner, Enslin, Hugo, and Norton, Chem. and Ind., 1959, 951. 


1° Enslin, Rehm, and Rivett, J. Sci. Food Agric., 1957, 8, 673. 
4 Arndt, Loewe, and Ayga, Chem. Ber., 1951, 84, 333. 
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colour as cucurbitone A with alcoholic alkali. If the inert double bond in cucurbitone A 
has moved out of conjugation on treatment with sodium methoxide to give a product with 
two keto-groups and a double bond in rings B and c (all unconjugated), then the product 
can only have partial structure (X), in which case cucurbitone A must have partial structure 
(XI) or (XII).* 


cee 6 


° 


(x) o xn (XI) 


However, neither of the sodium methoxide products nor their diacetates gave a colour 
with tetranitromethane. Experiments are in progress to confirm partial structure (X) for 
the sodium methoxide products of cucurbitone A. 


EXPERIMENTAL 


Unless specified to the contrary, [a], refers to chloroform, ultraviolet absorption spectra to 
ethanol, and infrared absorption spectra to chloroform solutions. Infrared frequencies were 
determined on a Perkin-Elmer Model 21 spectrometer equipped with a calcium fluoride prism. 
Where compounds were compared over the full range, a sodium chloride prism was used. The 
descending method of paper chromatography on Whatman No. 1 paper impregnated with a 50% 
solution of formamide in ethanol was used. The solvent systems employed are indicated in 
parentheses. Chromatograms were dried for 5 min. at 100°, sprayed with a freshly prepared 
0-2% solution of triphenyltetrazolium chloride in N-potasstum hydroxide (made up in 50% 
aqueous ethanol), and held over steam to reveal red spots. Acid-washed alumina was prepared 
by washing Peter Spence alumina consecutively with dilute hydrochloric acid, hot water, and 
ethanol and reactivating it at 150° for 12 hr. 

Cucurbitacin A.—This substance was isolated as described previously ? and had m. p. 207— 
208°, [a], +97° (c 1-04 in EtOH), Amax, 229 and 290 my (e 12,200 and 206 respectively), Vmax. 
1730 sh and 1258 (OAc), 1715 (CO), 1692 and 1631 (CO-C°C) cm. [Found: C, 66-7; H, 8-1; 
active H,™* 0-75, 0-73%; M (X-ray method), 587 + 16. C,,H,,O, requires C, 66-9; H, 8-1; 
4 active H, 0-7%; M, 575]. Cucurbitacin A gave a pale yellow colour with tetranitromethane 
and an intense colour with tetrazolium blue. The latter test was carried out by mixing equal 
volumes of a 0-02% alcoholic solution of cucurbitacin A and a freshly prepared 0-1% solution 
of tetrazolium blue in 0-02N-sodium hydroxide made up in 50% aqueous ethanol. A distinct 
wine-red colour after 30 min. at 40° was considered a positive result. 

Cucurbitacin A 2,4-dinitrophenylhydrazone, prepared as described before ? and crystallised 
from ethanol, had m. p. 230°, Amax, 233 and 370 my (¢ 28,300 and 26,200 respectively) (Found: C, 
60-4; H, 6-6; N, 7-9. C,,H;90,.N, requires C, 60-5; H, 6-7; N, 7-4%). 

Hydrogenation of Cucurbitacin A.—Cucurbitacin A (2 g.) was hydrogenated in ethanol (230 
ml.) over 2% palladised calcium carbonate (1 g.). The uptake of hydrogen stopped after 5 min. 
(1-02 mol. absorbed). Crystallisation from ethyl acetate gave a crude product (1-83 g.) which 
showed two spots of Ry 0-30 and 0-49 on paper chromatograms (1: 1 ethyl acetate—benzene) and 
was separated on cellulose powder impregnated with formamide ! (300 g.). Elution with 
3:1 benzene-ethyl acetate (1-5 1.) gave fractions containing mainly the minor component 
(Rp 0-30). Crystallisation from ethyl acetate afforded deacetoxydihydrocucurbitacin A (90 mg.), 
m. p. 135—136°, [a],, +59° (c 0-9), Amax 282 my (¢ 232), vax (Sodium chloride prism) 1712 and 
1698 (C:O) cm."4. The substance was hygroscopic and it was difficult to obtain satisfactory 
analyses (Found: C, 68-7; H, 9-2. Cs 9H,,O, requires C, 69-5; H, 8-9%). 

Further elution of the column with the same solvent (600 ml.) gave mixed fractions. The 


* Valuable comments by a Referee on this point are gratefully acknowledged. 
12 Perold and Snyman, Mikvochim. Acta, 1958, 225. 
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main substance was then eluted with benzene-ethy] acetate (proportion of ethyl acetate increas- 
ing up to 50%; 2-3 1.) and crystallised from ethyl acetate, to give dihydrocucurbitacin A 
(860 mg.), m. p. 138—139°, [a],, +65° (c 1-0), Amax. 287 my (€ 199), Vmax. (Sodium chloride prism) 
1714 (OAc and C:O), 1256 (OAc) cm. (Found: C, 66-4; H, 8-6; Ac, 7-8. C,,H,,O, requires 
C, 66-6; H, 8-4; Ac, 75%). Dihydrocucurbitacin A gave a pale yellow colour with tetranitro- 
methane. The 2,4-dinitrophenylhydrazone, prepared in the usual way and crystallised from 
ethanol, had m. p. 243—244°, Anax 233 and 370 my (ce 17,500 and 27,300 respectively) (Found: 
N, 7:5. CggH52O,2N, requires N, 7-4%). 

Oxidation of Cucurbitacin A with Chromium Trioxide.—A solution of chromium trioxide 
(4 g.) in 80% acetic acid (50 ml.) was added dropwise to cucurbitacin A (2 g.) in acetic acid 
(10 ml.) through which a current of steam was being passed. The distillate was collected in a 
solution of 2,4-dinitrophenylhydrazine (3 g.) in 5n-hydrochloric acid (100 ml.), and the resulting 
precipitate (50 mg.) purified by chromatography over silicic acid * (20 g.). Elution with 
5:1 hexane-ether followed by crystallisation from benzene-hexane and then from ethanol 
furnished senecioaldehyde 2,4-dinitrophenylhydrazone (10 mg.), m. p. and mixed m. p. 179°, 
Amax. 382 my (e 30,800) (Found: C, 50-1; H, 4-5. Calc. for C,,H,,0,N,: C, 50-0; H, 46%). No 
senecioaldehyde was isolated on similar treatment of dihydrocucurbitacin A. 

Ozonolysis of Cucurbitacin A.—Ozone (9 mmole) was passed at room temperature through a 
solution of cucurbitacin A (750 mg., 1-3 mmole) in acetic acid (30 ml.). Decomposition of the 
ozonide with zinc dust (5 g.) and steam-distillation into a solution of 2,4-dinitrophenylhydrazine 
(500 mg.) in 3N-hydrochloric acid (200 ml.) afforded a precipitate (205 mg.) which was crystal- 
lised twice from benzene to give yellow prisms of a-hydroxy-«-methylpropionaldehyde 2,4-di- 
nitrophenylhydrazone, m. p. and mixed m. p. 181°, Amax 354 my (¢ 22,000) (Found: C, 44-6; H, 
46. Calc. for C,5H,,O;N,: C, 44-8; H, 45%). 

Refluxing the above 2,4-dinitrophenylhydrazone with ethanolic hydrochloric acid for 5 min. 
afforded scarlet needles (from ethanol) of a-methylacraldehyde 2,4-dinitrophenylhydrazone, 
m. p. and mixed m. p. 201°, Amax, 368 my (ec 26,500) (Found: C, 48-0; H, 3-7; N, 22-9. Calc. for 
CipHgO,N,: C, 48-0; H, 4-0; N, 22-4%). 

Periodic Acid Oxidation of Cucurbitacin A.—0-5m-Periodic acid (50 ml.) and water (180 ml.) 
were added to a solution of cucurbitacin A (4-6 g.) in ethanol (320 ml.), and the mixture was kept at 
room temperature for 19 hr. (1-9 mol. of periodic acid consumed). Excess of reagent was 
destroyed with ethylene glycol, and the ethanol evaporated under reduced pressure to give a 
clear aqueous solution and a gummy precipitate. The aqueous solution was extracted with 
ether (4 x 50 ml.), and the ether extract washed twice with water and dried (Na,SQ,). 
Removal of the ether gave an oil (250 mg.) which afforded crystals (180 mg.) on trituration with 
ether. Recrystallisation twice from ether and sublimation in vacuo at 70° gave trans-4- 
acetoxy-4-methylpent-2-enoic acid, m. p. 84-5—84-9°, vmx (in CS,; sodium chloride prism) 
1739 and 1235 (OAc), 1695 and 1656 (HO,C-C:C) cm.“! (Found: C, 55-6; H, 7-1%; equiv., 171. 
Calc. for C,H,,0,: C, 55-8; H, 7-°0%; M, 172). 

trans-4-Hydroxy-4-methylpent-2-enoic Acid.—The above ester acid (153 mg.) was hydrolysed 
for 20 min. with N-sodium hydroxide (20 ml.) on a steam-bath to afford after acidification and 
isolation with chloroform, tvans-4-hydroxy-4-methylpent-2-enoic acid, identified by m. p., 
mixed m. p. (102—103°), and infrared spectrum. A sample of the authentic acid was kindly 
supplied by Dr. D. Lavie. Acetic acid was isolated from the aqueous layer and identified by 
paper chromatography.1 

Cucurbitacin A Triacetate—Cucurbitacin A with boiling acetic anhydride for 1-5 hr. under 
nitrogen gave an amorphous acetate, which was purified by precipitation with water from 
alcoholic solution, then having Amax, 230 and 293 my (e 11,100 and 192 respectively), vmax, (sodium 
chloride prism) 3448 (OH), 1732 (OAc and C:O), 1701 and 1634 (CO-C:C) cm.*! (Found: C, 65-0; 
H, 7-9; Ac, 22-6. C,,H,,0,,. requires C, 65-1; H, 7-5; 4Ac, 245%). 

Periodic Acid Oxidation of Cucurbitacin A Triacetate.—0-5m-Periodic acid (12 ml.) and water 
(60 ml.) were added to a solution of cucurbitacin A triacetate (1-32 g.) in ethanol (110 ml.), and 
the mixture was kept at room temperature for 70 hr. (0-83 mol. of periodic acid consumed). Excess 
of reagent was destroyed with ethylene glycol, and the ethanol evaporated under reduced 
pressure. An amorphous solid (800 mg.) separated. From the clear aqueous layer trans-4- 
acetoxy-4-methylpent-2-enoic acid was isolated as described above. Paper chromatography 


18 Carson, J. Amer. Chem. Soc., 1951, 78, 4652. 
™ Lindquist and Storgards, Acta Chem. Scand., 1953, 7, 87. 
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(1: 3 ethyl acetate—hexane) showed at least two components, which were separated on acid- 
washed alumina (100 g.). Elution with benzene (400 ml.), 9: 1 benzene-chloroform (400 ml), 
and 7 : 3 benzene—chloroform (350 ml.) removed only traces of material after which 7 : 3 benzene- 
chloroform (200 ml.) eluted material (108 mg.) of Ry 0-73. Crystallisation from chloroform- 
methanol furnished deoxocucurbitone A (91 mg.), m. p. 247—249°, [aj], +110° (c 1-02), a... 
289 my (e 186), Vmax. 1736 (OAc and CO-CH-OAc), 1709 (C:O) cm. (Found: C, 66-4; H, 7:5. 
Calc. for Cy 5H, O,: C, 66-2; H, 7-4%). The substance gave a yellow colour with tetranitro- 
methane and a positive iodoform test. Further elution of the column with 7:3 benzene~ 
chloroform (400 ml.) and chloroform (400 ml.) gave mainly material of Ry 0-84 which did not 
crystallise. 

A'*- A nhydrodeacetyldeoxocucurbitone A.—Deoxocucurbitone A (150 mg.) in chloroform (4 m1.) 
was adsorbed on acid-washed alumina (5 g.) and kept at room temperature in the dark for 
4 weeks. Elution with 10:1 chloroform—methanol gave a crude product which was purified 
by chromatography on acid-washed alumina (8 g.). Elution with benzene (100 ml.) and 9:1 
benzene-chloroform (60 ml.) gave fractions which contained only one component (paper chrom- 
atography; 3:1 hexane-ethyl acetate). Crystallisation from ethanol-hexane afforded the 
anhydrodeacetyl-compound (35 mg.), m. p. 209—210°, [a], +118° (c 0-7), Amax 240 and 291— 
294 my (e 9750 and 184 respectively), Vmax, 1736 (OAc and CO-CH’OAc), 1704 (hindered C°0), 
1667 and 1595 (16-en-20-one) cm.“! (Found: C, 69-3; H, 7-7. C,.,H 3,0, requires C, 69-4; H, 
75%). 

Cucurbitone A.—(a) From cucurbitacin A. Cucurbitacin A (10 g.) was acetylated with boil- 
ing acetic anhydride (100 ml.) in the usual way. Excess of anhydride was destroyed with water 
(20 ml.), and the mixture oxidised at 50° by dropwise addition of chromium trioxide (9-4 g.) in 
90% acetic acid (30 ml.) during 4 hr. After a further 6 hr. at this temperature and 12 hr. at 
room temperature, methanol (5 ml.) and water (400 ml.) were added and the mixture was 
extracted with chloroform. The product crystallised from chloroform—methanol to afford 
cucurbitone A as needles (6 g.), m. p. 210°, [a], +100° (¢ 0-64), Amax, 245 my (¢ 11,900), Vmax 1742 
(OAc and CO-CH:OAc), 1712 (CO), 1667 and 1625 (CO’C:C) cm. (Found: C, 64-4; H, 7-4; 
Ac, 23-1. Cy9H ,0,, requires C, 64-5; H, 6-9; 3Ac, 23-1%)...Cucurbitone A gave a negative 
tetranitromethane, a positive iodoform, and a strongly positive tetrazolium blue test. In 
0-01Nn-alcoholic potassium hydroxide it developed an intense wine-red colour (Aga, 495 my) 
which rapidly faded to yellow. The red colour was more stable in the absence of oxygen. 
Cucurbitone A was also obtained on similar treatment of dihydrocucurbitacin A. 

(b) From deoxocucurbitone A. Deoxocucurbitone A (41 mg.) in 90% acetic acid (1 ml.) was 
treated with chromium trioxide (21 mg.) in the same solvent (1 ml.) for 4 hr. at 55°. The 
product crystallised from methanol to give cucurbitone A (16 mg.), identified by m. p., mixed 
m. p., paper chromatography (2: 1 hexane-ethyl acetate), and ultraviolet and infrared spectra. 

Cucurbitone A Mono-2,4-dinitrophenylhydrazone, prepared in the usual way and crystallised 
twice from chloroform-ethanol (yellow needles), had m. p. 263° (Found: C, 58-4; H, 5-8; N, 
7-2. CygH,0,,N, requires C, 58-5; H, 5-7; N, 7-6%). 

A!*. A nhydrodeacetylcucurbitone A.—Cucurbitone A (4g.) in chloroform (110 ml.) was adsorbed 
on acid-washed alumina (125 g.) and kept at room temperature in the dark for 2 weeks. Paper 
chromatography (1: 1: 2 chloroform-ethyl acetate—hexane) of the product (3-6 g.), eluted with 
10: 1 chloroform—methanol, showed that the reaction was essentially complete. Purification 
was achieved by chromatography on acid-washed alumina (200 g.). Elution with benzene- 
chloroform (9:1— 1:1; 1-5 1.) afforded fractions containing only one component 
(paper chromatography). Crystallisation from chloroform—methanol gave A1*-anhydrodeacetyl- 
cucurbitone A (1-3 g.), m. p. 212—213°, [a], +155° (c 1-04), Amex, 240 my (€ 19,800), Vinge 1746 
(OAc and CO-CH-OAc), 1704 (hindered C:O), 1667 (conjugated C:O strength equivalent to two 
groups), 1631 and 1594 (C:C conjugated with C:O) cm.-! (Found: C, 67-7; H, 7-1; Ac, 17-2. 
Cy,H,,O, requires C, 67-5; H, 6-9; 2Ac, 17:3%). 

Anhydrodeacetyl-16,17-dihydrocucurbitone A.—A**-Anhydrodeacetylcucurbitone A (2 g.) was 
hydrogenated over 2% palladised calcium carbonate (1 g.) in ethanol (200 ml.). The hydro- 
genation was interrupted after the uptake of 1 mol. of hydrogen (1 hr.). Crystallisation from 
chloroform-methanol furnished the dihydro-derivative (1-2 g.), m. p. 278°, [aJ,, +165° (c 0-77), 
Amax, 244 my (e 12,500), vngx 1745 (OAc and CO-CH-OAc), 1709 (hindered C:O and 20-one), 
1667 and 1625 (CO’C:C) cm.! (Found: C, 66-9; H, 7-6; Ac, 16-9. C,,H,,O, requires C, 67-2; 
H, 7-3; 2Ac, 17-2%). 
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Dihydrocucurbitone A.—Cucurbitone A (4-45 g.) in acetic acid (200 ml.) was heated for 5 hr. 
on a steam-bath while zinc dust (20 g.) was added in small portions. Crystallisation of the 
product from chloroform—methanol afforded dihydrocucurbitone A (2-1 g.), m. p. 260—262°, 
[aly +91° (c 0-97), Amex. 292 my (€ 153), Vmax, 1745 and 1736 sh (OAc and CO-CH-OAc), 1704 
(C.O) cm. (Found: C, 64:3; H, 7:2; Ac, 23-4. C 9H  O,_ requires C, 64-3; H, 7-2; 3Ac, 
23-0%). The same product is obtained on prolonged hydrogenation of cucurbitone A over 
palladised calcium carbonate in ethanol. 

A?*-A nhydrodeacetyldihydrocucurbitone A.—Dihydrocucurbitone A (4-04 g.) in chloroform (100 
ml.) was adsorbed on acid-washed alumina (120 g.) and kept at room temperature in the dark 
for 4 weeks. Paper chromatography (3:1 benzene—hexane) of the product (3-6 g.) eluted 
with 10: 1 chloroform—methanol, showed that it contained no more starting material. Purific- 
ation was achieved by filtering through acid-washed alumina (200 g.) with benzene—chloroform 
(2:1—» 1:1; 11). 

Crystallisation from chloroform—methanol gave A1*-anhydrodeacetyldihydrocucurbitone A (1-6 
g.),m. p. 202—203°, [a],, +119° (c 0-97), Amax. 239 and 299 my (c 8700 and 142 respectively), Vmax. 
1746 and 1733 sh (OAc and CO-CH:OAc), 1701 (CO), 1669 and 1594 (16-en-20-one) cm.*. Great 
difficulty was experienced in obtaining consistent analyses of this compound, probably owing to 
strongly bound solvent of crystallisation (Found: C, 66-7, 66-3, 66-1; H, 7-3, 7-5, 7-2; Ac, 16-9. 
CygHs,0, requires C, 67-2; H, 7-3; 2Ac, 17-2%). 

Anhydrodeacetyltetvahydrocucurbitone A.—A1*-Anhydrodeacetyldihydrocucurbitone A (610 
mg.) was hydrogenated over 2% palladised calcium carbonate (300 mg.) in ethanol (60 ml.) (0-8 mol. 
of hydrogen absorbed in 30 min.). The crude crystalline product (360 mg.) was a mixture 
(paper chromatography; 2:1 hexane-ethyl acetate) and was purified by chromatography on 
acid-washed alumina (30 g.). Elution with 9:1 benzene-chloroform (250 ml.) gave small 
amounts of impurities, after which 2: 1 benzene—chloroform (300 ml.) and chloroform (100 ml.) 
afforded the major component (Ry 0-67) which, crystallised from chloroform—methanol and 
sublimed im vacuo, afforded a saturated tetraketone (230 mg.), m. p. 276—278°, [a], + 142° 
(c 0°93), Amax, 292 my (e 154), vmx 1745 and 1733 sh (OAc and CO-CH:OAc), 1704 (CO) cm. 
(Found: C, 67-2; H, 7-6. C,.gHs,O, requires C, 66-9; H, 7-6%). 

Hydrogenation of anhydrodeacetyl-16,17-dihydrocucurbitone A over palladised calcium 
carbonate in ethanol for 48 hr. or reduction with zinc and acetic acid also afforded the same 
tetraketone but the product still contained 10—25% of starting material (ultraviolet spectrum). 
Attempts to separate the mixture by crystallisation or chromatography were unsatisfactory. 

Reaction of Cucurbitone A with Sodium Methoxide in Methanol.—To a suspension of finely 
ground cucurbitone A (2 g.) in dry methanol (200 ml.) was added at 4°, under nitrogen, 0-1N- 
sodium methoxide in dry methanol (70 ml.). The mixture was kept, with occasional shaking, 
at 4° for 4 hr. during which the solid slowly dissolved and the solution became dark wine-red. 
On addition of 0-1N-hydrochloric acid (75 ml.) and water (200 ml.) the colour changed to light 
yellow. After 30 min., the product was isolated with chloroform and crystallised from methanol 
as prisms (570 mg.), m. p. 255—258°. It consisted mainly of two components (paper chrom- 
atography; 1:1 ethyl acetate—benzene), which were separated by chromatography on acid- 
washed alumina (60 g.). Elution with 1:1 chloroform—benzene (125 ml.) afforded fractions 
(60 mg.) containing mainly the minor component of Ry 0-73 after which elution with 1:1 
chloroform—benzene (125 ml.) and chloroform (125 ml.) gave fractions (357 mg.) containing the 
major component of FR» 0-53. 

Crystallisation of the minor compound from chloroform—methanol gave prisms, m. p. 259— 
262°, [a], +80° (c 0-84), Amax. 238 and 298—305 my (e 9650 and 110 respectively), vmx 1721 sh, 
1712, and 1701 (C:O), 1667 and 1597 (16-en-20-one) cm.“! (Found: C, 69-3; H, 7-3. C.gH 3,0, 
requires C, 69-5; H, 7-3%). Boiling in acetic anhydride under nitrogen and crystallisation 
from chloroform—methanol gave a diacetate, m. p. 295—297°, [a],, +12° (c 1-0), Amax, 239 and 
300—302 my (ec 10,900 and 128 respectively) (Found: C, 68-0; H, 7-1. C,,H,,0, requires C, 
67-5; H, 6-9%). 

Crystallisation of the major compound from chloroform—benzene and then from chloroform— 
methanol gave prisms, m. p. 257—259° or 264—265°, [a], +48° (c 0-84), Amax. 238 my (ec 10,000), 
Vmax, 1721 (CO-CH-OH), 1704 (CO), 1667 and 1594 (16-en-20-one) cm. (Found: C, 69-8, 69-6; 
H, 7-5, 7-4. C.sH gO, requires C, 69-5; H, 7-°3%). This substance in boiling acetic anhydride 
under nitrogen furnished a diacetate, m. p. 233—235° (in block at 225°, melts and resolidifies) 
(from chloroform-—methanol), [a], +15° (c 0-82), Amax, 239 and 296—300 my (e 10,100 and 121 
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respectively), vmax, 1748 sh and 1739 (OAc and CO-CH:OAc), 1704 (C°O), 1669 and 1595 (16-en- 
20-one) cm. (Found: C, 67-6, 67-4; H, 7-2, 7-1; Ac, 17-9, 17-8. C,,H,,0, requires C, 67:5; 
H, 6-9; 2Ac, 17-3%). 

The second of these diacetates (474 mg.) was hydrogenated over 2% palladised calcium 
carbonate (500 mg.) in ethanol (250 ml.) (complete after 10 min.; 1-03 mol.). Paper chrom- 
atography (2: 1 hexane-ethyl acetate) showed that the product contained a small amount of a 
second substance. Purification was by filtration through acid-washed alumina (30 g.) with 
benzene (250 ml.) and benzene-chloroform (9: 1—» 1:1; 1 1.), and crystallisation from 
chloroform—methanol to afford a dihydro-diacetate, m. p. 222—227°, [a],, + 50° (c 1-0), Amax, 289— 
290 my (e 129), vmax. (sodium chloride prism) 1735 (OAc) and 1710 (C:O) cm.-! (Found: C, 67:1; 
H, 7-4. C,,H;,0, requires C, 67-2; H, 7-3%). 

The major and the minor product of the reaction of cucurbitone A with sodium methoxide, 
their diacetates, and the above dihydro-diacetate, all give a red colour with 0-1N-alcoholic 
potassium hydroxide and no colour with tetranitromethane or ferric chloride. 

Reaction of Dihydrocucurbitone A with Sodium Methoxidein Methanol.—Finely ground dihydro- 
cucurbitone A (600 mg.) was suspended in dry methanol (60 ml.), and 0-1N-sodium methoxide in 
methanol (25 ml.) added at 4° under nitrogen. The mixture was kept, with occasional shaking, 
at4°for5hr. The solid slowly dissolved and the solution became light yellow. Thesolution was 
acidified, then left for 45 min., and the product isolated with chloroform. Crystallisation 
from chloroform—methanol gave a crude product (303 mg.), m. p. 270—280°, which showed two 
spots on paper chromatograms (2: 1 ethyl acetate—benzene). Chromatography of the mixture 
(800 mg.) on acid-washed alumina (200 g.) gave a good separation. Elution with chloroform 
(400 ml.) gave impurities (19 mg.), chloroform + 0-5% of methanol (300 ml.) gave the minor 
component (150 mg.; Ry, 0-36), and chloroform + 0-5% of methanol (500 ml.) and then 3% of 
methanol (900 ml.) gave the major component (330 mg.; Rp 0-25). 

Crystallisation of the minor compound from chloroform—methanol afforded prisms, m. p. 
280—281°, {a],, +112° (c 0-4), Amax, 239 and 294—296 my (ec 8400 and 138 respectively), vmx 
1717 sh and 1695 (C:O), 1667 and 1592 (16-en-20-one) cm.“ (Found: C, 69-5; H, 8-0. C,,H,,0, 
requires C, 69-2; H, 7-7%). Acetylation gave the acetate,.m. p. 269—270° (from methanol), 
[a], +110° (c 0-78), Amax. 239 and 291 my (e¢ 7900 and 171 respectively), vmsx, 1751 and 1742 sh 
(OAc and CO-CH-OAc), 1701 (CO), 1669 and 1594 (16-en-20-one) cm."! (Found: C, 66-5; H, 
7-4. C,,H,,O, requires C, 67-2; H, 7-3%). 

The major compound crystallised from chloroform—methanol as prisms, m. p. 279—280° 
(undepressed on admixture with the minor component), {a],, +175° (¢ 0-17), Amax, 239 and 290— 
298 my (ec 8900 and 178 respectively), vinax, 1715 (CO-CH-OH), 1698 (C:O), 1669 and 1592 (16-en- 
20-one) cm.~! (Found: C, 69-0; H, 7-9%). Acetylation and crystallisation of the product from 
chloroform—methanol afforded A1*-anhydrodeacetyldihydrocucurbitone A (m. p., mixed m. p., 
and infrared spectrum). 

The above major product (1-9 g.) was hydrogenated over 2% palladised calcium carbonate 
(500 mg.) in ethanol (350 ml.) (0-8 mol. absorbed in 1 hr.); the product crystallised from chloro- 
form—methanol and sublimed in vacuo, to afford a dihydro-derivative (1-2 g.), m. p. 283—285°, 
[a], +121° (c 0-20) (Found: C, 68-9; H, 8-2. C,,H,,O, requires C, 68-9; H, 8-2%). Acetyl- 
ation and crystallisation from chloroform—methanol furnished the saturated tetraketone, m. p. 
276—278° (identified by mixed m. p. and infrared spectrum). 

Action of Dilute Alkali on Cucurbitacin A and B.—Both cucurbitacin A and B developed 
a new peak at 312 my in dilute alcoholic potassium hydroxide solution (cf. Table). 


El%, at 312 mp E\%, at 312 mp 


1 cm. 


Time (hr.) Cucurbitacin A Cucurbitacin B Time (hr.) Cucurbitacin A Cucurbitacin B 
In 0-01N-alkali In 0-1n-alkali 
4 6 . 56 
19 17 : 81 
56 67 7 
19 98 
8 92 


The maximum at 312 my, developed after 12 min. in 0-1N-alkali, shifted in both cucurbitacins 
to 268—272 mu (E}%,, 66) on acidification with 0-1n-hydrochloric acid. 
Ferric chloride tests were performed as follows: Solutions of cucurbitacin A and of B (4 mg.) 
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in 0-1N-ethanolic potassium hydroxide (1 ml.) were kept for 70 min. and then neutralised with 
@-In-hydrochloric acid. On addition of 0-05m-ethanolic ferric chloride (0-4 ml.), a violet colour 
formed which was stable in the case of cucurbitacin B but faded within 2 min. in the case of 
cucurbitacin A. 
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Cucurbitacin C.F 


By P. R. ENSLIN, JENNIFER M. Huco, K. BARBARA Norton, 
and D. E. A. RIVETT. 


The tetracyclic triterpenoid acetate, cucurbitacin C, C,,H,,O,, contains 
the same iso-octyl side-chain (I) as cucurbitacin A. Experiments are 
described to determine the positions of the oxygen atoms and the nuclear, 
trisubstituted double bond. 


CucuRBITACIN C! is a bitter principle found so far only in Cucumis sativus var. Hanzil® but 
most probably also responsible for the bitterness which often develops in greenhouse 
cucumbers. On the basis of determinations by the X-ray method, its formula has been 
revised * to CggH,,O,. Acetylation afforded amorphous cucurbitacin C triacetate which 
still contained a free hydroxyl group (Vmax, 3448 cm.). Cucurbitacin C also contains an 
acetoxy-group, an «f$-unsaturated and an isolated unreactive keto-group (Amx. 231 and 
298 mu; ¢ 11,100 and 131 respectively). Cucurbitacin C failed to form a 2,4-dinitro- 
phenylhydrazone. Hydrogenation over palladised calcium carbonate in ethanol gave 
dihydrocucurbitacin C in which the conjugated double bond has been saturated. 

Oxidation of cucurbitacin C by periodic acid gave trans-4-acetoxy-4-methylpent-2- 
enoic acid and a methyl ketone, hexanorcucurbitacin C, C,,H,,0;. Cucurbitacin C 
therefore contains the same side-chain (I) as cucurbitacin A (see preceding paper). This 
structure is further supported by the formation of senecioaldehyde on oxidation by 
chromium trioxide and of «-hydroxy-«-methylpropionaldehyde on ozonolysis of 
cucurbitacin C. 

(I) HO*CMe:CO*CH=CH’CMe,°OAc 


The ultraviolet spectrum (Amax. 294 my; ¢ 120) and infrared bands at 1704 and 1695 
cm. of hexanorcucurbitacin C showed the presence of two isolated keto-groups. It was 
fairly stable towards further attack by periodic acid, and gave a pale yellow colour with 
tetranitromethane but no colour with tetrazolium blue. The relationship between 
cucurbitacin C and a third periodic acid oxidation product is not clear. 

On treatment of hexanorcucurbitacin C with hydrochloric acid in aqueous methanol, 
an anhydro-compound, C,,H,,0,, was obtained. The ultraviolet maximum at 241 mp 

* Part IX, preceding paper. 

t For preliminary accounts see Proc. Chem. Soc., 1958, 301, and Chem. and Ind., 1959, 162. 


1 Enslin, J. Sci. Food Agric., 1954,’5, 410. 
* Enslin and Rehm, Proc. Linnean Soc., 1956—1957, 169 Session, p. 230. 
. * Rehm and Wessels, J. Sci. Food Agric., 1957, 8, 687; Andeweg and De Bruyn, Euphytica, 1959, 
, 13. 
4 Rivett and Herbstein, Chem. and Ind., 1957, 393; Rivett and Enslin, Proc. Chem. Soc., 1958, 301. 
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(ec 8500) and infrared bands at 1667 and 1590 cm.* are consistent with the presence of a 
A'*.20-keto-group in an assumed trimethyl-steroid structure. The infrared spectrum 
still showed the band at 1692 cm.* of an isolated keto-group. 

Dihydrocucurbitacin C slowly developed a band at 270 my (< 4180 after 4 hr.) in dilute 
alkaline solution. Since this band was unchanged on acidification, it is probably due toa 
doubly unsaturated keto-group formed by dehydration of hydroxy-groups. This must 
involve the keto-group in the side-chain and the 16- and 20-hydroxy-groups because 
hexanorcucurbitacin C developed no band at 270 my in alkaline solution, but only a strong 
band at 242 my (e 7580 after 20 hr.) which is due to the formation of a A!®-20-keto-group. 

Hexanorcucurbitacin C gave a triacetate, deoxocucurbitone C, C,,H,,0,, which on 
oxidation with chromium trioxide afforded cucurbitone C, Cy9)H, 04, more conveniently 
prepared by similar oxidation of cucurbitacin C triacetate. The molecular formula and 
the presence of an «$-unsaturated keto-group (Amax. 241 my, ¢ 13,200; vax, 1664 and 1622 
cm.) showed that, as with cucurbitone A (see preceding paper), this product is also formed 
by oxidation of a methylene group alpha to a nuclear, trisubstituted double bond. 
Cucurbitone C lost acetic acid on acid-washed alumina to afford A!®-anhydrodeacetylcucurbi- 
tone C, C,,H,,0,, which contains two aB-unsaturated keto-groups (Amax. 238 my, ¢ 22,100; 
Vmax. 1663, 1623, and 1592 cm.). On catalytic reduction one mol. of hydrogen was rapidly 
absorbed to give a dihydro-compound, C,,H;,0,. The ultraviolet spectrum (Amax. 241 my, 
¢ 12,300) and infrared bands at 1661 and 1623 cm. showed that the double bond of a 
proposed A!*-20-keto-group had been reduced. On further catalytic reduction a second 
mol. of hydrogen was slowly absorbed, to afford anhydrodeacetyltetrahydrocucurbitone C, 
CygHgO,. This saturated triketone (Am x, 294 my, ¢ 117) with ethanedithiol gave a 
monothioketal. Desulphurisation over Raney nickel then afforded a diketone, C,,H,,0, 
(Amax. 296 mu, e¢ 98). The keto-group originally introduced into the molecule by chromium 
trioxide oxidation is therefore in a hindered position. 

Treatment of cucurbitone C with sodium methoxide in methanol afforded a mono- 
acetate, C.gH,,0, (Amax. 238 my, ¢ 8200; vuasx 1727, 1701, 1667, and 1595 cm.~), the ultra- 
violet and infrared absorption spectra of which are consistent with the presence of a 
A16-20-keto-group and the absence of the originally «$-unsaturated keto-group. 


} oe 


(111) 


(II) 


These results can be explained on the basis of partial structure (II) or (III) for 
cucurbitone C (cf. previous paper). 


EXPERIMENTAL 


General directions are as given in the preceding paper. Oven-dried chromatograms were 
sprayed either (a) with a freshly prepared 0-2% solution of triphenyltetrazolium chloride in 
n-sodium hydroxide (made up in 50% aqueous ethanol) and heated over steam to reveal red 
spots (T.T.C. spray reagent) or (b) with a solution of vanillin (10 g.) in a mixture of ethanol 
(150 ml.) and 85% phosphoric acid (50 ml.). Spots were revealed by heating at 90° for ca. 2 min. 
(V.P.A. spray reagent). The solvent systems and spray reagents employed are indicated in 
parentheses. 

Cucurbitacin C.—The crude bitter principle was isolated from Cucumis sativus var. Hanzil 
as described before 4 and crystallised from ethyl acetate as needles, m. p. 207—207-5°, [a],, +95° 
(¢ 1-03 in ethanol), Aga, 231 and 298 my (e 11,100 and 131 respectively), vz, 1731 and 1256 
(OAc), 1689 and 1631 (CO-C:C) cm.*! [Found: C, 68-6; H, 8-9%; M (X-ray method), 577 + 12 
C,,H,,O, requires C, 68-5; H, 8-6%; M, 561]. No crystalline 2,4-dinitrophenylhydrazone 
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could be prepared. Cucurbitacin C gave a pale yellow colour with tetranitromethane, and 
negative ferric chloride, tetrazolium blue (see preceding paper), and iodoform tests. 

Cucurbitacin C Triacetate——Cucurbitacin C was boiled with acetic anhydride under nitrogen 
for 1 hr. and the product isolated by pouring the whole into water. The crude acetate could 
not be crystallised and was purified by precipitation with water from alcoholic solution, then 
having [a], +36° (c 0-99), vmax (sodium chloride prism) 3448 (OH), 1730 (OAc and C:0), 1692 
and 1631 (CO’C:C) cm. (Found: C, 66-5; H, 8-0. C,,H,;,O,, requires C, 66-5; H, 7-°9%). The 
acetate gave a yellow colour with tetranitromethane. 

Dihydrocucurbitacin C.—Cucurbitacin C (1 g.) was hydrogenated over 2% palladised calcium 
carbonate (160 mg.) in ethanol (100 ml.) (1-07 mol. of hydrogen absorbed in 30 min.). Dihydro- 
cucurbitacin C crystallised from ethanol—hexane as needles (850 mg.), m. p. 226°, [aj], +66° 
(c 1-03), Amax, 289 my (¢ 116), Amax in 0-1N-alcoholic potassium hydroxide 270 my (e 600, 4180, 
and 5450 after 20 min., 4 hr., and 20 hr. respectively) (Found: C, 68-6; H, 9-2. C,H .O, 
requires C, 68-3; H, 9-0%). 

Oxidation of Cucurbitacin C by Periodic Acid.—0-5m-Periodic acid (115 ml.) and water 
(480 ml.) were added to a solution of cucurbitacin C (10-68 g.) in ethanol (765 ml.), and the 
mixture kept at room temperature in the dark for 66 hr. (0-98 mol. consumed). Excess of 
reagent was destroyed with ethylene glycol, and the ethanol evaporated in vacuo until the 
solution became strongly turbid. In the cold a gum (2-81 g.) settled out. This was dissolved 
in methanol (20 ml.) and poured into water (400 ml.), to afford a gum which crystallised from 
methanol—water as needles (1-25 g.), m. p. 169°. Recrystallisation from 96% ethanol gave 
needles, m. p. 112—113°, [aJ,, +124° (c 1-06), Amex. 288—291 my (E}%, 1-99), end absorption at 
210 mu (E}%, 348), vmax, 1721 v.s. (broad), 1695 and 1658 w cm.“ (Found: C, 67-6; H, 8-6%). 
The substance gave a negative iodoform test. 

The aqueous layer from the first precipitate was concentrated further in vacuo to afford two 
successive crops of precipitate which were combined and crystallised from methanol, to give 
hexanorcucurbitacin C (3-8 g.), m. p. 235—236°, [a],, +185° (c 0-96 in ethanol), Ama, 294 mp 
(e 120), Amax, in 0-1N alcoholic potassium hydroxide 242 my (¢ 640, 4240, 7580 after 30 min., 4 hr., 
and 20 hr. respectively), vmax, 1704 (20-one) and 1695 (hindered C:O) cm."? (Found: C, 71-4; 
H, 88. C,,H,,0, requires C, 71-3; H, 9-0%). It gave a pale yellow colour with tetranitro- 
methane and a positive iodoform and negative tetrazolium blue test. Hexanorcucurbitacin C 
consumed 0-16 mol. of periodic acid in 3 days. On paper chromatograms (3: 2 ethyl acetate— 
benzene, V.P.A. spray reagent) it had Rp 0-13 and the substance of m. p. 112—113° had Ry 0-72. 

The final aqueous layer, obtained after precipitation of hexanorcucurbitacin C, was extracted 
with ether to afford an oil (1-8 g.) which crystallised on trituration with a little ether to give 
trans-4-acetoxy-4-methylpent-2-enoic acid, identified by m. p. and infrared spectrum. 

Senecioaldehyde and a-Hydroxy-a-methylpropionaldehyde.—These substances were prepared 
from cucurbitacin C under the conditions described for cucurbitacin A and identified as before 
(see preceding paper). 

A1*. A nhydrohexanorcucurbitacin C.—Hexanorcucurbitacin C (200 mg.) wasrefluxed in methanol 
(20 ml.) and 2n-hydrochloric acid (20 ml.) for ll hr. Dilution with water (50 ml.) and isolation 
with chloroform gave a crude product which contained no more starting material (paper 
chromatography; 3:2 ethyl acetate—benzene, V.P.A. spray reagent). Crystallisation from 
methanol afforded the anhydro-substance, m. p. 178—179° (in block at 170°, melts and re- 
solidifies), Amax 241 and 296—299 my (e 8500 and 108 respectively), vmax, 1692 (hindered CO), 
1667 and 1590 (16-en-20-one) cm. (Found: C, 74:5; H, 8-9. C,,H3,O, requires C, 74-6; 
H, 8-9%). 

Deoxocucurbitone C.—Hexanorcucurbitacin C (507 mg.) was boiled for 1-5 hr. in acetic 
anhydride (5 ml.) under nitrogen, and the product crystallised from chloroform—methanol to 
afford deoxocucurbitone C (463 mg.), m. p. 154—156°, [a],, + 126° (c 1-03), Amax. 291 my (e 96), 
Ymax. 1733 (OAc), 1714 (20-one), 1705 sh (hindered C20) (Found: C, 67-9; H, 8-0. C,)H,,O, 
requires C, 67-9; H, 8-0%), that gave a yellow colour with tetranitromethane. 

Cucurbitone C.—(a) From cucurbitacin C. Cucurbitacin C (3-2 g.) was boiled with acetic 
anhydride (35 ml.), the excess of anhydride destroyed with water (8 ml.), and the crude acetate 
oxidised at 45—50° with chromium trioxide (3 g.) in acetic acid (20 ml.) for 2 days. The final 
product was isolated in the usual way and crystallised from chloroform—methanol to afford 
cucurbitone C (1-7 g.), m. p. 246—247° (after drying in vacuo), [a], +153° (c 1-3), Amax, 241 and 
298 mu (c 13,200 and 129 respectively), Vmax, 1739 (OAc), 1712 (20-one and hindered C:O), 1664 
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and 1622 (CO-C:C) cm. (Found: C, 66-1; H, 7-6; Ac, 23-3. C 39H, O, requires C, 66-2: 
H, 7-4; 3Ac, 23-7%). The same product was obtained on similar treatment of dihydro- 
cucurbitacin C. Cucurbitone C gave no colour with tetranitromethane and a positive iodoform 
test. Whereas cucurbitacin C and hexanorcucurbitacin C gave no colour with the T.T.C. spray 
reagent on paper chromatograms, cucurbitone C gave a red spot. It is considered, however, 
that the colour is not due to an a-ketol system in cucurbitone C since, under the conditions of 
the controlled tetrazolium blue test (see previous paper), it gave a negative result. In 
comparison, cucurbitacin A and cucurbitone A gave a strongly positive test. 

(b) From hexanorcucurbitacin C. WHexanorcucurbitacin C (167 mg.) was refluxed with 
acetic anhydride (2 ml.) under nitrogen for 1 hr., water (0-4 ml.) added, and the crude acetate 
oxidised at 50—60° with chromium trioxide (82 mg.) in 90% acetic acid (1 ml.) for 5 hr. The 
final product crystallised from chloroform—methanol to give cucurbitone C (146 mg.), identified 
by m. p. mixed m. p., paper chromatography (2: 1 hexane-ethyl acetate, T.T.C. spray reagent), 
and ultraviolet and infrared spectra. 

A1*. A nhydrodeacetylcucurbitone C.—Cucurbitone C (2-5 g.) in chloroform (80 ml.) was adsorbed 
on acid-washed alumina (100 g.) and kept at room temperature in the dark for two weeks. 
The product was eluted with 10:1 chloroform—methanol and crystallised from ethanol, to 
afford A'*-anhydrodeacetylcucurbitone C (1-3 g.), m. p. 223—224°, [a], +218° (c 1-14), Amax 238 my 
(ec 22,100), Vmax. 1739 (OAc), 1703 (hindered C:O), 1663 (conjugated C:O; strength equivalent 
to two groups), 1623 and 1592 (C:C conjugated with C:O) cm.! (Found: C, 69-5; H, 7-8; 
Ac, 19-6. C,gH,,0, requires C, 69-4; H, 7-5; 2Ac, 17-8%). 

Anhydrodeacetyl-16,17-dihydrocucurbitone C.—A1*-Anhydrodeacetylcucurbitone C (152 mg.) 
was hydrogenated over 5% palladised calcium carbonate (150 mg.) in ethanol (60 ml.). The 
hydrogenation was interrupted after the uptake of ca. 1 mol. of hydrogen (10 min.). Crystal- 
lisation from ethanol gave the dihydro-derivative (90 mg.), m. p. 244°, [a],, +218° (c 1-24), Amex 
241 and 293 my (e 12,300 and 117 respectively), vax, 1739 (OAc), 1706 (C20), 1661 and 1623 
(CO-C°C) (Found: C, 69-2; H, 8-4; Ac, 18-8. C,,H,,0, requires C, 69-1; H, 7-9; 2Ac, 17-7%). 

Anhydrodeacetylietrahydrocucurbitone C.—A**-Anhydrodeacetylcucurbitone C (1 g.) was 
hydrogenated over 2% palladised calcium carbonate (1 g.) in ethanol (180 ml.) for 30 hr. (ca. 2 
mols. absorbed). The product crystallised from ethanol and sublimed in vacuo, to afford the 
tetrahydro-derivative (0-6 g.), m. p. 220—221°, [a], +133° (c 1-64), Amax 294 my (e 117), vnax 
1739 (OAc), 1704 (CO) cm.~! (Found: C, 69-0; H, 8-3; Ac, 17-9. C,,H, 0, requires C, 68-8; H, 
8-3; 2Ac, 17-6%). The 2,4-dinitrophenylhydrazone crystallised from chloroform—methanol 
in yellow needles, m. p. 281° (Found: C, 60-9; H, 6-3; N, 8-8. C3,H,,0O,)N, requires C, 61-1; 
H, 6-6; N, 84%). 

To a solution of anhydrodeacetyltetrahydrocucurbitone C (406 mg.) in acetic acid (5 ml.) 
were added ethanedithiol (1 ml.) and boron trifluoride—-ether complex (1 ml.), and the mixture 
was kept at room temperature for 6 days, then concentrated in vacuo at 40°. Methanol (8 ml.) 
was added and the product (230 mg.) recrystallised from ethanol, to furnish the mono(dithio- 
ketal), m. p. 270—271° (Found: C, 64-0; H, 7-7; S, 11-4. Cy 9H,,O,S, requires C, 63-8; H, 7:9; 
S, 11-3%). From the mother-liquors another product (50 mg.), m. p. 290°, was isolated (Found: 
C, 65-1; H, 85%). 

Monodeoxo-substance.—The above thioketal (140 mg.) in absolute ethanol (100 ml.) was 
refluxed with Raney nickel W, (ca. 3 g.) for 22 hr. The product crystallised from ethanol to 
afford fine needles of the monodeoxo-substance (60 mg.), m. p. 229°, [a], +130° (c 1-01), Amax 
296 mu (e 98), Vmax. 1739 (OAc), 1698 (C{O) cm.*! (Found: C, 70-8; H, 8-9. C,,H,,O, requires 
C, 70-9; H, 8-9%). 

Reaction of Cucurbitone C with Sodium Methoxide in Methanol.—Toasuspension of finely ground 
cucurbitone C (1 g.) in dry methanol (100 ml.) was added at 4° under nitrogen 0-1N-sodium 
methoxide in methanol (35 ml.), and the mixture was kept, with occasional shaking, at 4° for 6 
hr. during which the solid slowly dissolved and the solution became light yellow. After 
acidification with 0-1N-hydrochloric acid and dilution with water (100 ml.), the product was 
isolated with chloroform and crystallised from chloroform-—methanol to afford a monoacetate 
(130 mg.), m. p. 235—237°, [a],, +24° (c 1-0), Amax. 238 and 307 my (e 8200 and 92 respectively), 
Vmax. 1727 and 1252 (OAc), 1701 (C:O), 1667 and 1595 (16-en-20-one) cm.4 (Found: C, 70-2; H, 
7-6; Ac, 9-6. C,,H,,0O, requires C, 70-6; H, 7-7; Ac, 9-7%). 

The mother-liquors of the above crystallisations showed two spots on paper chromatograms 
(2: 1 benzene-ethyl acetate, T.T.C. spray reagent). Chromatography on acid-washed alumina 
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and elution with benzene-chloroform (9: 1— » 1:1) gave further quantities of the above 
monoacetate and small amounts of a substance, m. p. 257—258° (from methanol), Amy, 237.and 
308—312 my (E}%,, 198 and 2-4 respectively), vmax 1701, (C20) 1667 and 1595 (16-en-20-one) cm.*}, 
Neither of these two substances gave a colour with tetranitromethane. 


We thank Mr. K. I. Jones of this laboratory and the Research and Process Development 
Department, ISCOR, Pretoria, for microanalyses and Dr. K. M. M. Kruse and Miss C. Lamont 
for infrared spectra. 
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932. Liquid-phase Photolysis. Part IV.* A Stable Adduct of 
Benzene and Maleic Anhydride. 


By H. J. F. Ancus and D. Bryce-SmITH. 


Ultraviolet irradiation of solutions of maleic anhydride in benzene gave 
a crystalline 2:1 adduct. From chemical and physical evidence, this is 
considered to be tricyclo[4,2,2,0%5]dec-7-ene-3,4,9,10-tetracarboxylic acid 
dianhydride. 


THE use of an unsubstituted aromatic hydrocarbon as the diene component in Diels—Alder 
reactions has hitherto been confined to anthracene and the more complex polycyclic 
hydrocarbons. Reaction between naphthalene and maleic anhydride has been only 
barely detected, even when carried out under forced conditions, and no property of an 
adduct has been described. The presence of vinyl substituents greatly increases the 
reactivity of aromatic hydrocarbons towards dienophiles, and the reactions of maleic 
anhydride with styrenes (e.g., isosafrole and 1,l-diphenylethylene) constitute the only 
previously known, unambiguous examples of Diels-Alder addition to an isolated benzene 
ring.2 In these the aromatic ring contributes only one double bond of the buta-1,3-diene 
unit. Cookson and Wariyar’s * and Takeda’s* 1:1 adducts from maleic anhydride and 
quinols provide possible examples of addition to a benzene ring, but it is not excluded 
that addition occurs to the alicyclic 1,3-diene system in the monoketo-tautomer of the 
quinol. Kitahonoki® was unable to prepare an adduct from quinol dimethyl ether and 
maleic anhydride. Barb® and Andrews and Keefer’ obtained spectroscopic evidence 
for the formation of apparently weak, 1:1 charge-transfer complexes between some 
aromatic compounds, including benzene, and maleic anhydride or benzoquinone, but no 
adduct was isolated (cf. Pfeiffer and Béttler §). 

As previously reported,® we have found that benzene and maleic anhydride form a 
stable 1 : 2 adduct at 60° under the influence of ultraviolet radiation. With the relatively 
intense source employed, ca. 1 g. of the adduct was formed during an irradiation time of 


* Part III, J., 1960, 2003. 


1 Kloetzel, Dayton, and Herzog, J]. Amer. Chem. Soc., 1950, 72, 273. 

* Wagner-Jauregg, Annalen, 1931, 491, 1; Hudson and Robinson, J., 1941, 715; Bruckner, Ber., 
1942, 75, 2034; Bruckner and Kovacs, J. Org. Chem., 1948, 18, 641; 1949, 14, 65; Bruckner, Kovacs, 
and Huhn, ibid., 1951, 16, 1481; Walling, Briggs, Wolfstirn, and Mayo, J. Amer. Chem. Soc., 1948, 70, 
1537; Hukki, Acta Chem. Scand., 1951, 5, 31; Alder and Schmitz-Josten, Annalen, 1955, 595, 1. 

Cookson and Wariyar, Chem. and Ind., 1955, 915; J., 1957, 327. 
Takeda, Annalen, 1957, 606, 153. 

* Kitahonoki, J. Pharm. Soc. Japan, 1959, 79, 396. 
Barb, Trans. Faraday Soc., 1953, 49, 143. 

? Andrews and Keefer, J. Amer. Chem. Soc., 1953, 75, 3776. 
Pfeiffer and Béttler, Ber., 1918, 51, 1819. 
Angus and Bryce-Smith, Proc. Chem. Soc., 1959, 326. 
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18 hr. It was essential to keep the inner surface of the quartz cell optically clean by 
mechanical rubbing with glass wool, otherwise a brown resin was rapidly formed and re- 
action soon virtually ceased. 

The adduct, C,,H,,0,, had m. p. 350°, and was soluble in acetone, dimethylformamide, 
and dimethyl sulphoxide, but almost insoluble in benzene and ether. It was conveniently 
purified as the corresponding tetracarboxylic acid and had the calculated equivalent. 
Tetra-methyl and -ethyl esters were prepared. The former had a molecular weight very 
close to the expected value, and per-acid titration indicated the presence of one ethylenic 
bond. The anhydride decomposed at 360° in vacuo to give maleic anhydride and benzene 
as the only volatile, organic products. The benzene was completely free from fulvene, 
since this hydrocarbon is recognisable by its yellow colour at concentrations of only 
0-01%.121 Fulvene has been shown not to isomerise to benzene at 360°.4 

Detailed stereochemical aspects are examined below, but it is considered that the new 
adduct is best formulated as tricyclo[4,2,2,0%5]dec-7-ene-3,4,9,10-tetracarboxylic acid 
dianhydride (I). 

The nature of the initial radiation-induced step is uncertain. It may, on the one hand, 
involve a singlet-singlet transition of benzene to the first excited (Bz,) state, as discussed 
in Part III in connection with the photo-isomerisation to fulvene." Alternatively, 
maleic anhydride may be the essential activated species. This second possibility is con- 
sistent with the observation that acetone apparently inhibited the isomerisation of benzene 
to fulvene, but was virtually without effect on the addition of maleic anhydride. Also, 
maleic anhydride, either alone or in hexane, was rapidly converted into an unidentifiable 
black material on irradiation, although this was not formed in benzene; but other 
explanations for both of these effects are possible. The reported formation of a charge- 
transfer complex between benzene and maleic anhydride is a further complication, 
particularly since the nature of the bonding involved, if any, remains unclarified.®’ 
Association of this type has been recognised by relatively high absorption between 270 
and 350 my, not observed with benzene or maleic anhydride alone. Since the present 
ultraviolet source emitted strongly within this region, photoactivation of a charge-transfer 
complex could, in principle, precede the formation of an adduct having more conventional 
bonding; this possibility is also attractive from entropy considerations.* Whatever the 
true explanation may be, it seems most probable that the initial reaction is essentially 
a 1,2-addition, involving a photo-excited molecule, to give the adduct (II). Formation 
of (I) by the addition of a second molecule of maleic anhydride should be rapid and not 
require photo-activation. 


° fe) fe) fe) 
SO CO OF} 
fe) fe) fe) fe) 
(I) (II) (111) 


In the formation of the isolated product (I) an initial 1,2-addition is considered to be 
more likely than the 1,4-type characteristic of conventional Diels—Alder reactions. Both 
(II) and (III), the 1,4-adduct, may be expected to dissociate readily into benzene and 
maleic anhydride, and only in the case of (II) could this be easily prevented by the addition 
of a second molecule of maleic anhydride. The suggested 1,2-addition has analogies in 
the photo-dimerisation of cinnamic acid to truxillic and truxinic acid, and of stilbene to 
tetraphenylcyclobutane. If the initial addition were exclusively of the 1,4-type, two 


* Added in Proof.—Further work *! has shown that this is the correct mechanism. 
10 Blair and Bryce-Smith, Proc. Chem. Soc., 1957, 287. 

Angus, Blair, and Bryce-Smith, J., 1960, 2003. 

12 Mustafa, Chem. Rev., 1952, 51, 1. 
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modes of addition to the 1,4-adduct (III) could be devised. First, (III) might undergo 1,2- 
addition to give (I), or some form of substitutive addition; but such an unusual process, 
to be reasonably rapid, would presumably require a further photo-activation stage: this 
is inherently improbable. Secondly, the adduct (III) might conceivably add maleic 
anhydride with rearrangement to give (IV); such a possibility is consistent with Ullmann’s 


OR A> sb 


demonstration that bicyclo[2,2,1}hepta-2,5-diene (V) can add maleic anhydride to give 
(VI).% Since Ullmann’s reaction required a high temperature and gave a low yield, the 
analogous reaction involving (III) appears unlikely to occur with the rapidity that would 
probably be necessary. Further, (IV) is saturated, in conflict with the present findings. 
It therefore seems unlikely that an initial 1,4~addition would be recognised by the eventual 
formation of stable products under the conditions we have used. This, however, in no 
way implies the absence of such an addition. 

Structure (I) for the benzene—maleic anhydride adduct is supported by considerable 
resemblances between the infrared spectrum of the corresponding tetracarboxylic acid 
and those of the acids (VII) derived from maleic anhydride adducts of some 7,8-di- 
substituted bicyclo[4,2,0]octa-2,4-dienes.* 14 

This is illustrated in the Figure for the acid derived from the adduct, m. p. 265°, of 
maleic anhydride and a 7,8-dichloro-derivative. 


we BN 
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The absence of absorption maxima in the 1460 cm.* region, which would arise from 
>CMe and CH, deformation vibrations, provides further support for structure (I). 
Enfortunately, cyclobutanes cannot yet be unambiguously recognised from infrared 
spectra, but the adduct, its derivatives, and the acids (VII) show a moderately pronounced 
peak within the range 880—920 cm.}, in accordance with a tentative assignment. The 
broad similarity illustrated in the Figure, particularly marked over the range 1100—4000 
cm. and at 880 cm.+, seems to leave little doubt that closely related structures are 
involved. 

The ultraviolet spectrum of the benzene-maleic anhydride adduct acid in water 
showed certain peculiarities. Maxima at 265 and ca. 205 my were observed, having 
¢ = 55 and ca. 1000, respectively. These confirm the expected non-benzenoid character. 
On the other hand, the source of the low-intensity maximum at 265 my is not obvious from 
structure (I). Certain acids having a conjugated structure, e.g., crotonic and oxalic acid, 
have a maximum of comparable intensity in this region,” although others, ¢.g., maleic 
and itaconic acid and saturated carboxylic acids in general, show no well-defined maximum 
at wavelengths above 210 my. It is tempting in the present case to attribute this maximum 
to transannular interaction between -C=C- and —CO,H (cf. Cookson and Wariyar 2”), and 


* These were kindly prepared by Mr. B. Vickery. 


18 Ullmann, Chem. and Ind., 1958, 1173. 

14 Reppe, Schlichting, Klager, and Toepel, Annalen, 1948, 560, 1. 

18 Bellamy, “‘ The Infra-red Spectra of Complex Molecules,” Methuen, London, 1958, pp. 13, 30,31. 
16 Braude, Ann. Reports, 1945, 42, 105. 

17 Cookson and Wariyar, J., 1956, 2302. 
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this may also account for the maximum at 205 my, which has a magnitude between the 
values normally found with saturated and «$-unsaturated carboxylic acids. 
Stereochemistry of the Benzene-Maleic Anhydride Adduct.—Attempted fractionation 
gave no indication that the adduct was other than a single isomer. Considerations of 
group interactions, steric requirements, and the general cis—endo stereospecificity of 
-! 
cm. 
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——  Maleic anhydvide—benzene adduct. 
---- Maleic anhydride—7,8-dichlorobicyclo[4,2,0]octa-2,4-diene adduct. 


(Free acids in carbon tetrachloride.) 


Diels—Alder 1,4-addition suggest that structure (VIII) may best represent its configuration. 
Models indicate a rather close approach between the ethylenic bond (7,8) and the “ cyclo- 
butane” (2,3,4,5) anhydride ring. Any transannular interaction is likely to involve 
these features. 


EXPERIMENTAL 


Benzene was purified as described in Part III.14_ The photolysis apparatus (water-cooled 
form) has been described in Part I.18 

Preparation of the Benzene—Maleic Anhydride Adduct.—The following describes a typical 
experiment. This was successfully repeated in experiments designed to build up a stock of 
the adduct. 

A solution of maleic anhydride (5 g., 0-051 mole) in benzene (87 g., 1-1 mole) was irradiated 
at 55—60°, under nitrogen, for 18 hr., with stirring. The adduct formed a white deposit, m. p. 
350° (decomp.),* on the cell walls, immediately above the liquid level, and less pure, pale-brown 
material was deposited on the glass wool. No fulvene was produced. Material insoluble in 
benzene was collected by filtration and removed from fragments of glass wool by dissolution 
in undried acetone. Evaporation of the acetone gave a pale-brown, solid residue, which was 
largely a mixture of the partly hydrolysed adduct and maleic anhydride. Two recrystallisations 
from water, with charcoal, gave the acid corresponding to the adduct (0-9 g., 11-5%) [Found: 
C, 54:1; H, 43%; equiv., 77:7. C,,H,,O, requires C, 54-2; H, 4-5%; equiv., 77-5 (calculated 
for a tetracarboxylic acid)]. With slow heating the acid was converted into the anhydride, 
m. p. 350° (decomp.), without melting (Found: C, 60-8; H, 3-6. C,H,,O, requires C, 61-3; 
H, 3-6%), but with rapid heating it melted with frothing at ca. 280° (depending upon the rate), 
resolidified, and finally melted at 330—340° (decomp.). The anhydride was also prepared by 
heating the acid (0-05 g.) in acetic anhydride (15 ml.) under reflux for 2 hr., and was precipitated 


* This is believed to be more accurate than the m. p. 356° given in a preliminary communication.* 
18 Blair, Bryce-Smith, and Pengilly, J., 1959, 3174. 
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by the addition of light petroleum (b. p. 40—60°). It was only sparingly soluble in dry hydro- 
carbons, ether, carbon tetrachloride, and cold ethanol, although traces of water in the solvents 
or in the air readily gave the acid; it was freely soluble in cold dimethylformamide and warm 
dimethyl sulphoxide. The ultraviolet spectrum of the acid in water had peaks at ca. 205 mu 
(ce ~1000) * and 265 my (¢ = 55), and a trough at 248 my (¢ = 47). 

The tetramethyl ester, m. p. 134°, was prepared by heating the acid (0-2 g.) under reflux for 7 hr. 
with methyl alcohol (5 ml.) and concentrated sulphuric acid (0-1 g.). The ester formed crystals 
from methyl alcohol (Found: C, 58-6; H, 5-9%; M, 356. C,,H,,O, requires C, 59-0; H, 6-0%; 
M, 366). The ester was titrated with perbenzoic acid, by the normal procedure, and shown to 

ssess 1-1 ethylenic bonds («8-double bonds are generally relatively inert to perbenzoic 
acid 12°), The tetraethyl ester, m. p. 81°, was prepared similarly (Found: C, 62-8; H, 7:1. 
CysH 90, requires C, 62-5; H, 7-15%). 

In further experiments no marked change in the yield of adduct was produced by wide 
variations in the proportion of maleic anhydride. Thus, 0-50 g. of maleic anhydride gave an 
88% yield after 24 hr. The yield was found to be approximately proportional to the time of 
irradiation. An increase in the reaction temperature to 80° markedly decreased the yield.** 
The addition of acetone (10 ml.) before irradiation led to no significant decrease in yield. In 
the absence of maleic anhydride, this proportion of acetone in benzene was found to reduce the 
yield of fulvene to ca. 25% of that obtained when pure benzene was used.” 

Thermal Decomposition of the Benzene—Maleic Anhydride Adduct.—The adduct (0-05 g.) was 
heated in vacuo, at 360° for 30 min. in a system having traps at 25° and —70°. Maleic acid 
(m. p. 135—136°, mixed m. p. 135—137°; infrared spectrum identical with that of the authentic 
material) collected in the first trap, and only water (m. p. 0°) and benzene (m. p. 3-5°; ultra- 
violet spectrum identical with that of the authentic material) appeared in the second. AA little 
involatile tar was also formed. Maleic acid must have been present as the anhydride under 
the conditions of pyrolysis. The absence of fulvene from the benzene was recognised both 
visually and by the lack of absorption at 360 my.1>2 

Infraved Data.—Peaks are listed as strong (s), medium (m), or weak (w). Wavelengths 
are in w. 

Benzene—maleic anhydride adduct: 3-4(s), 5-45 (m), 5-7 (s), 7-7 (w), 8-0(m), 8-2 (m), 
8-4(m), 8-7 (w), 9-25 (s), 9-5(m), 10-0(w), 10-4(m), 10-9 (s), 11-2(w), 12-2 (m), 12-6 (m), 
13-1 (m), 14-0 (m), 14-4 (m), 14-6 (m). 

Adduct acid: 3-2 (s), 3-4 (s), 5-8 (s), 7-1 (s), 7-5 (m), 7-8 (m), 7-9 (m), 8-2 (s), 8-5 (m), 8-6 (m), 
8-95 (w), 9°3 (w), 9-4 (w), 9-85 (w), 10-0 (w), 10-2 (w), 10-4 (w), 11-35 (s), 12-0 (m), 12-4 (w), 
13-0 (m), 13-75 (m), 14-6 (w). 

Tetramethyl ester: 3-0 (w), 3-4 (s), 3-7 (w), 5-75 (s), 7-6 (m), 7-7 (w), 8-0 (m), 8-4 (s), 8-7 (s), 
9-0 (w), 9-3(m), 9-6 (w), 9-8(m), 10-0(w), 10-6(m), 11-1 (m), 11-8(w), 12-1 (m), 13-0 (w), 
13-3 (m). 


We thank the Royal Society for a grant for the purchase of apparatus, and Esso Research 
Ltd. for a maintenance grant (to H. J. F. A.). 
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* These values are rather uncertain owing to limitations of the spectrometer in this region. 


# Wild, ‘‘ Estimation of Organic Compounds,”” Cambridge University Press, 1953, p. 34. 
20 Bodendorf, Arch. Pharm., 1930, 268, 491. 

#1 Bryce-Smith and Lodge, unpublished observations. 

*2 Angus and Bryce-Smith, J., 1960, 1409. 
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933.  Dinitrogen Trioxide. Part II.* Freezing-point Data in the 
System Nitrogen Dioxide—Dinitrogen Trioxide. The Freezing Point 
of Pure Dinitrogen Trioxide. 


By I. R. Beattie, S. W. BELL, and A. J. VosPER. 


The freezing points of mixtures of nitrogen dioxide and dinitrogen 
trioxide, as well as those of the pure components, have been accurately 
determined. Although the phase diagram has the appearance of a simple 
binary mixture with one eutectic it seems probable that, on the nitrogen 
dioxide-rich side of the composition range, solid solutions crystallise rather 
than the pure component. A possible misinterpretation of previous results 
in the region of the eutectic composition would account for the discrepancy 
between the eutectic temperature and composition found in this work com- 
pared with previously accepted values. Dinitrogen trioxide behaves as a 
pure compound at its freezing point. The following data are recorded: f. p. of 
nitrogen dioxide, —11-29°; eutectic composition, 33-7 weight % of nitric 
oxide; eutectic temperature, —106-2°; f. p. of dinitrogen trioxide, —100-7°. 


ALTHOUGH Gray and Yoffe! state that complete freezing-point data are available for 
mixtures of dinitrogen trioxide with nitrogen dioxide, the experimental results are in some 
doubt where « is less than 1-76, and become fragmentary towards x = 1-5.f The accurate 
results of Whittaker and his co-workers * unfortunately cover only the range near to 
nitrogen dioxide. In this region agreement with Baume and Robert’s results ° is good, 
although Wittorf’s results* appear to be consistently a few degrees above those of the 
other workers. Insufficient data are available from the work of Baume and Robert ° to 
determine the eutectic composition, or the freezing point of dinitrogen trioxide, to any 
acceptable degree of accuracy. As a precise knowledge ofthe phase diagram, particularly 
in the region of dinitrogen trioxide, was considered to be an essential preliminary to any 
study of the reactions of dinitrogen trioxide, we reinvestigated the system. 

In Fig. 1 the results of our investigations are compared with those of other workers. 
The average freezing-point value we obtained for three samples of nitrogen dioxide was 
—11-29°. The value found by Whittaker e¢ al.2 was —11-30°, which can be compared with 
the usually accepted value 5 of —11-23°. Whittaker et al.2 pointed out that the heat of 
fusion of nitrogen dioxide obtained from the phase diagram is higher than the calorimetric 
value given by Giauque and Kemp.5 We studied the effect of adding very small quantities 
of nitric oxide to nitrogen dioxide. An approximately linear relation was obtained 
between log,, (mole-fraction of dinitrogen tetroxide) and the reciprocal of the absolute 
temperature (at the freezing point) whether we regarded nitric oxide or dinitrogen trioxide 
as the solute in the dinitrogen tetroxide solvent. However, in either case the calculated 
heat of fusion was too high by about 0-8 kcal. mole in 3-5 kcal. mole+. This suggests that 
the substance crystallising from solution is a solid solution rather than pure dinitrogen 
tetroxide.5* Wittorf* has indeed described the solid crystallising from solutions rich in 
nitrogen dioxide as being of a similar colour (light blue) to that of the solution. Further, 


* Part I, Beattie and Bell, J., 1957, 1681. 

t To define the composition of mixtures of nitric oxide and nitrogen dioxide, without the necessity 
of making assumptions regarding the species present, we have used the notation NO,. Thus, for an 
equimolar mixture of nitrogen dioxide and nitric oxide x = 1-5, while for pure nitrogen dioxide * = 2-0. 


1 Gray and Yoffe, Quart. Rev., 1955, 9, 362. 

2 Whittaker, Sprague, Skolnik, and Smith, ]. Amer. Chem. Soc., 1952, 74, 4794. 

* Baume and Robert, Compt. rend., 1919, 169, 968. 

* Wittorf, Z. anorg. Chem., 1905, 41, 85. 

5 Giauque and Kemp, J. Chem. Phys., 1938, 6, 40. 

5¢ See Glasstone, ‘‘ Textbook of Physical Chemistry,” Macmillan & Co. Ltd., 2nd edn., London, 
1953, pp. 649—651. 
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Addison and Thompson ® found solid solutions in the system nitrogen dioxide-nitrosyl 
chloride. 
Freezing points in the nitrogen dioxide-rich region of the phase diagram are closely 
defined and there is no ambiguity in interpretation. Fig. 2(a) gives a typical cooling curve 
forx = 1-774. In the section of the phase diagram from the last of the results of Whittaker 
et al.* (x = 1-763) to our eutectic composition (x = 1-560) our results are in good agreement 
with those of Baume and Robert.* However, our eutectic temperature of —106-2° 
[see Fig. 2(6)], and the less easily determined eutectic composition, differ quite markedly 
from their values. The two lowest temperatures measured by Baume and Robert ® were 
—107° (according to their interpretation these values lay on either side of the eutectic). 
Freezing points in the region between the eutectic composition and x = 1-5 are very 
difficult to determine accurately. Fig. 2(c) represents one of the more favourable examples. 
In other cases we found only a very slight change in slope in the region of the expected 
freezing point. Nevertheless, two quite independent sets of observations in this region 
were in good agreement (S. W. B. and A. J. V.). It seems probable that Baume and 


n Fic. 2. Cooling curves obtained in the system 


Fic. 1. The freezing point-composition curve i nitrogen dioxide—dinitrogen trioxide. 


the system nitrogen dioxide—dinitrogen trioxide. 
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x = 1-500. 


Robert,* during their cooling-curve determinations in the region of the eutectic, missed the 
freezing point and obtained in each case a eutectic temperature measured as —107°. 
Extrapolation on this basis would give them an anomalously low eutectic temperature 
coupled with a eutectic composition too rich in nitric oxide. 

At the composition x = 1-5 we found that under certain conditions the freezing-point 
curve was that to be expected for a pure compound [see Fig. 2(d)]. If the dinitrogen 
trioxide was held at —95° for two hours and the cooling curve then measured, a sharp 
freezing point was obtained. However, on cooling the system rapidly from —78° to —95° 
and then carrying out a normal cooling curve measurement, we were unable to obtain a 
clear-cut freezing point, even with shocking by liquid air via the touch-off tube. It is 
possible that this behaviour is due to a slow rate of attainment of equilibrium at low 
temperatures. The rapidly cooled sample solidified very quickly once nucleation had 
started. This usually occurred in the region of the eutectic temperature but without the 
appearance of any large pressure changes. We suspect that the anomalous behaviour is 
due to capricious supercooling. 

Leifer 7 has, on the basis of isotope exchange experiments, suggested that solid di- 
nitrogen trioxide can only exist in equilibrium with its components. As solid dinitrogen 
trioxide will be in equilibrium with gaseous dinitrogen trioxide, which will also be in 

* Addison and Thompson, J., 1949, 5218. 

? Leifer, J. Chem. Phys., 1940, 8, 301. 
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equilibrium with its decomposition products, the exchange between gas and solid is to be 
expected. The speed of reaction may indicate a high rate of diffusion in the solid, but does 
not prove that there is any inherent instability. When solid crystallises from a liquid of 
the composition NO,,, the vapour pressure remains approximately constant. If solid 
solutions of a composition richer in nitrogen dioxide were to crystallise out, the pressure 
would rise abruptly. Alternatively, a compound enriched in nitric oxide is unlikely to 
crystallise from such solutions at temperatures in the region of —100°. We consider that 
pure dinitrogen trioxide crystallises out from solutions having the composition x = 1-5. 

It is noteworthy that N.B.S. Circular 500 8* quotes —111° for the freezing point of 
dinitrogen trioxide, i.¢., more than 10° below our value of —100-7°. However, Wittorf# 
obtained the value >—104-5°, while Baume and Robert * found >—100°. Our final 
results are presented in the Table. 


Freezing points in the system nitrogen dioxide-nitric oxide. 


a ee 2-000 1-991 1-985 1-982 1-974 1-936 1-876 1-846 

F.p. ... —11-2,° —11-9,° —12-2,° —123,° —13-0,° -—15-7,° -—20-3,° —23-4,° 

ee 1-816 1-785 1-747 1-656 1-644 1-606 1-591 1-575 

F.p. ... —27-0,° -—30-7,° —36-5,° —57:0,.° —50-2,° —81-0° —89-0° —98-7° 

a. 1-561 1-560 1-549 1-545 1-516 1-508 1-504 1-500 

F.p. ... —105:8° —106-2° —104-3° —103-8° —101-0° —100:7° —100-2° —100-7,° 
EXPERIMENTAL 


All work was carried out in a vacuum system. 
Nitrogen Dioxide.—This was prepared as described previously,’ and distilled into ampoules 
having an easily broken tip. The ampoules were weighed, introduced into the system, and 


Fic. 4. Cryoscope system, 


Fic. 3. Nitric oxide ampoule. 
F 




















broken, and the contents distilled into the cryoscope. The weight of nitrogen dioxide introduced 
into the system was found by weighing the residual glass from the ampoule. 
8 (a) Rossini, Wagman, Evans, Levine, and Jaffe, Nat. Bur. Stand., Circular 500, 1952; (6) Guye 


and Drougenine, J. Chim. phys., 1910, 8, 473. 
* Beattie and Bell, /., 1957, 1681. 
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Nitric Oxide.—The preparation has already been described,® although on the present 
occasion (A. J. V.) we were unable to obtain colourless nitric oxide. We suspect that the pale 
blue colour is due to traces of other oxides of nitrogen. The nitric oxide was introduced into 
the system in a variety of ways: (a) from weighed bulbs connected to the apparatus and 
equipped with breakers, (b) via two diaphragm taps plus a cold finger, (c) by using the apparatus 
shown in Fig. 3. In this case nitric oxide was passed into a calibrated bulb, and the pressure 
measured at 25°. The nitric oxide was then completely distilled into the cold finger E, and 
the constriction C was sealed. The whole of the apparatus shown in Fig. 3 was weighed before 
and after this operation. All joints were greased with “‘ Halocarbon”’ grease. To introduce 
nitric oxide into the all-glass cryscope system the bulb was joined on at F, the cold finger E 
surrounded by liquid nitrogen, and constriction B sealed. Septum A was then broken, and the 
nitric oxide allowed to distil into the cryoscope. In this way the total volume of the system 
was kept sensibly constant. 

Diaphragm Taps.—These were standard taps (supplied by Springham’s) having fluoro- 
carbon diaphragms. The only modification made to these taps was to bolt the diaphragms in 
position by clamping them between retainers completely spanning the tap. 

Cryoscopes.—The cryoscopes used were of the type shown in Fig. 4. The push-up was made 
of especially thinned glass and contained the five-junction copper—constantan thermocouple 
embedded in paraffin wax. In cases where analyses were carried out, Y was a sample tube, 
while Z also led to a spiral-gauge manometer and pressure-measuring system. The cryoscope 
was enclosed in a copper jacket packed with alumina and sealed at the top with paraffin wax to 
avoid trouble from condensation. The thermocouples were standardised by using ice, solid 
carbon dioxide, and liquid oxygen as calibrants. A Cambridge vernier potentiometer, together 
with a sensitive galvanometer, were used to enable temperatures to be read to an accuracy of 
0-01°. 


The authors thank Dr. J. Lewis for his advice, the Royal Society for a grant for the purchase 
of a Unicam S.P. 500, and Mr. York for special gauges. S. W. B. thanks the University of 
Sheffield for a Robert Styring Postgraduate Research Scholarship, and A. J. V. thanks the 
Department of Scientific and Industrial Research for a maintenance grant. 
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934. Dinitrogen Trioxide. Part I1I.* The Vapour Pressure of 
Mixtures of Nitrogen Dioxide and Nitric Oxide. 


By I. R. Beatriz and A. J. VosPeEr. 


The vapour pressure of mixtures of nitrogen dioxide and nitric oxide 
has been measured at various temperatures. Our results can be expressed 
by log,, (pressure in mm.) = 8-95 — f(*)/T, where f(*) is a function dependent 
only on the composition of the mixture. The apparent boiling point of 
dinitrogen trioxide is at least 40° below the accepted value. Low-temper- 
ature vapour-pressure data indicate that Giauque and Kemp’s equation 
for nitrogen dioxide can be extrapolated to about — 50°. 


THE only recent work on the vapour pressure of mixtures of nitric oxide and nitrogen 
dioxide at pressures below one atmosphere is that of Whittaker and his co-workers.! 
Unfortunately, their results do, not extend beyond the region near nitrogen dioxide, where 
they are in reasonable agreement with those of Baume and Robert. The data of Baume 
and Robert ? and of Purcell and Cheesman * cover the whole range of composition from 
nitrogen dioxide to dinitrogen trioxide. However, Baume and Robert’s results * do not 
extend below —20°, and in this region agreement with Purcell and Cheesman’s results 3 


* Part II, Beattie, Bell, and Vosper, preceding paper. 

1 Whittaker, Sprague, Skolnik, and Smith, J. Amer. Chem. Soc., 1952, 74, 4794. 
? Baume and Robert, Compt. rend., 1919, 169, 968. 

* Purcell and Cheesman, J., 1932, 826. 
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is poor. Further, in the latter paper only “ smoothed ’’ results are given, which lie very 
erratically on a graph of log, (pressure) against the reciprocal of the absolute temperature. 
Results at higher pressures and temperatures are primarily of technical importance.*5 

We have measured the vapour pressures of mixtures of nitrogen dioxide and nitric oxide 
at various temperatures, covering the range from pure nitrogen dioxide to a composition 
close to that of dinitrogen trioxide. As nitrogen dioxide and nitric oxide have considerably 
different physical properties and are volatile, for a given total composition the composition 
of the liquid (and of the gas in equilibrium with it) changes with temperature. Therefore 
the experimental results take the form of a vapour pressure, a temperature, and a 
composition. (The composition of the liquid was known, as the weights of nitric oxide and 
nitrogen dioxide in the gas phase were determined.) The three variables need not be 
simply related. We found that plotting log,) (pressure) against the reciprocal of the 
absolute temperature for a given total composition gave approximately linear relationships. 
The slopes of these lines were then used to correct the individual pressure readings to a 
given temperature. The interpolation on a single point was always less than 5°. The 
composition of the liquid was also corrected to the same temperature. In this way we 
were able to plot a graph of composition against vapour pressure at several temperatures 
(Fig. 1). The scatter of our points on the graph reflects the experimental errors in view of 
the method of correction used. From this Figure it is possible to read off the values of 
the pressure at any given composition, for various temperatures. Hence graphs of log,, 
(pressure) against the reciprocal of the absolute temperature could be drawn for these 
compositions. These graphs were again linear within our experimental error. The 
values of m and C in the expression 


loGig fam = —M/T+C 6UC;}!UCWClCw wlll CLD 


are given in Table 1, inspection of which shows that, the last two figures in the column 
headed C being excluded, there is no obvious trend in C values with composition. However, 
there is a clear trend in the values of m, which decreases with increasing nitric oxide 
content. Further, a plot of m against x (composition in terms of NO, as the formula for 
the liquid) shows that values of C which deviate markedly from the mean value have 
anomalous m values. A low C value corresponds to a low m value. Inspection of the 


TABLE l. 


8-808 8-722 8-642 8-562 8-869 8-971 8-985 8-960 8-957 
1742 1716 1691 1666 1732 1730 1723 1707 1687 
1-991 1-985 1-982 1-974 1-936 1-876 1-846 1-816 1-785 
8-885 8-693 8-831 8-965 8-916 8-708 8-348 7-694 

1651 1552 1581 1555 1523 1445 1349 1173 

1-747 1-656 1-644 1-560 1-545 1-525 1-517 1-502 





TABLE 2. 
9-012 8-970 9-011 9-116 8-985 9-035 
1782 1751 1745 1760 1704 1702 
1-956 1-917 1-878 1-846 1-799 1-763 





results of Whittaker e¢ al. arranged in a similar manner (Table 2) shows a corresponding 
random scatter of C values about the mean value of 9-026, but with a clear trend in m 
values. Again, the only m value falling out of a fairly regular sequence has a high C 
value (9:116). The results of earlier investigations ®* also indicate a decrease in the slope 
m with increasing concentration of nitric oxide. It appeared possible that all these results 
could be expressed satisfactorily by using a single value for C, resulting in the general 


equation 
lofafan @A=—fs/T . . ... .. & 


* Epstein and Cirkova, Zhur. priklad. Khim., 1939, 12, 14. 
5 Selleck, Reamer, and Sage, Ind. Eng. Chem., 1953, 45, 814. 
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where f(x) represents a function dependent only on composition of the mixture and A is 
a constant. We obtained a reasonable representation of our experimental results by 
using the equation 


logo Pum. = 8-95 a f{(x)/T . . . . . . . (3) 
with {(x) defined by the points of Fig. 2. Using this relation we were able to draw the 
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Fic. 1. The vapour pressure of liquid 8 
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curves shown in Fig. 1. These curves fit our experimental data to within the experimental 
accuracy and agree quite well with the results of the other workers, excluding those of 
Purcell and Cheesman.® : 

By use of equation (3), and putting = 760 mm., it is possible to obtain a boiling 
point-composition curve (Fig. 3). Our experimental points were obtained by graphical 
interpretation using the figures given in Table 1. The agreement between the two methods 
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appears to be satisfactory. It is clear from Fig. 3 that extrapolation to x = 1-5 (the 
composition corresponding to dinitrogen trioxide) is not justified. Similarly, Fig. 2 shows 
that f(x) cannot be obtained at x = 1-5 by simple extrapolation. N.B.S. Circular 5006 
gives the boiling point of dinitrogen trioxide (the temperature at which the vapour pressure 
of a mixture of this composition reaches 760 mm.) as +2°. Baume and Robert ? by an 
extrapolation obtained the value —27°. Purcell and Cheesman,? who consider an 
extrapolation to be unjustified, state “a mixture containing only a trace of nitric oxide in 
excess of composition N,O, never exerts a pressure below 2 atm. till all the trioxide is 
frozen solid, and liquid nitric oxide begins to separate.” It appears that the apparent 
boiling point of dinitrogen trioxide is below —40°, and in this composition region the 
pressure will be very sensitive to slight changes in composition. 

It is not possible to give a theoretical discussion of this system at present, although a 
few deductions may be made from these observations. The species which may be present 
in the gas and the liquid are NO, N,O,, N,O3, NO,, and N,O,, plus other unknown species. 
Preliminary magnetic measurements’ suggest that dinitrogen trioxide in the liquid state 
is diamagnetic in the range —10° to —95°. This is in agreement with Soné, who found § 
dinitrogen trioxide to be diamagnetic. This suggests that dissociation is not extensive, 
unless the nitric oxide is dimeric. Pure liquid nitric oxide ® is 2-7% dissociated (into the 
monomer) at —163°, and 5% dissociated at —153°. This may indicate that it would 
be largely dissociated in solution at temperatures above —95°. If this reasoning is correct, 
a liquid mixture of nitrogen dioxide and nitric oxide may consist largely of dinitrogen 
trioxide and dinitrogen tetroxide. If we assume that nitric oxide has a low physical 
solubility in such mixtures, the abrupt change of vapour pressure with composition in the 
region of the dinitrogen trioxide composition is to be expected. The linear relationship 
between log;, (pressure) and the reciprocal of the absolute temperature is probably 
fortuitous and without theoretical significance. However, the decrease in the slope of 
such plots as the nitric oxide content of the solution increases may be due to solution near 
the dinitrogen trioxide composition being physical in nature, while in the nitrogen dioxide- 
rich regions it will be predominantly a chemical reaction plus a physical sorption. 

Our experimental data on the vapour pressure of pure nitrogen dioxide indicate that 
Giauque and Kemp’s equation can be extrapolated to about —50°, in agreement with 
Dixon’s work." 


EXPERIMENTAL 


The preparation of the reactants !* and the method of mixing !* have already been described. 
Vapour pressures were measured by using a glass spiral gauge as a null-point instrument, 
mercury manometers (1-6 cm. internal diameter, precision-bore tubing), and a Precision Tool 
and Instrument Co. Ltd. cathetometer which had been previously calibrated against a standard 
bar. All results are expressed in mm. of mercury at 0°. 

Run 3 was carried out in an all-glass apparatus, no taps or joints being used. In Runs 1 
and 2 greaseless taps with fluorocarbon diaphragms were used. 


The authors thank the Royal Society for a grant to purchase a Unicam S.P. 500 spectro- 
meter, and one of them (A. J. V.) thanks the Department of Scientific and Industrial Research 
for a maintenance grant. 


Krnc's CoLLtEGE (UNIVERSITY oF Lonpon), Lonpon, W.C.2. [Received, April 6th, 1960.) 
® Rossini, Wagman, Evans, Levine, and Jaffe, Nat. Bur. Stand., Circular 500, 1952. 

7 Beattie and Mabbs, unpublished work. 

& 


Soné, Sci. Reports Res. Inst., Téhoku Univ., 1922, 11, 139. 
Smith and Johnston, J. Amer. Chem. Soc., 1952, 74, 4696. 
10 Giauque and Kemp, J. Chem. Phys., 1938, 6, 40. 

11 Dixon, J. Chem. Phys., 1940, 8, 157. 

12 Beattie and Bell, J., 1957, 1681. 

13 Beattie, Bell, and Vosper, preceding paper. 
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935. Mechanism and Steric Course of Octahedral Aquation. Part III.* 
Aquation and Basic Hydrolysis of Some Azidobis(ethylenediamine)- 
cobalt(m) Salts. 


By P. J. STapLes and M. L. Tose. 


The kinetics of the aquation of the cis- and tvans-chloroazidobis(ethylene- 
diamine)cobalt(111) cations have been studied, and the Arrhenius parameters 
determined. Aquation of the cis-isomer proceeds with complete retention 
of configuration but the tvans-isomer yields 20% of the cis-product at 25°. 
The chlorine is replaced far more easily than the azide group. The 
aquoazidobis(ethylenediamine)cobalt(111) cations isomerise to an equilibrium 
composition of 73% cis- and 27% trans-isomer. The kinetics of the rearrange- 
ment have been studied. The rates of the reaction between cis- and trans- 
[Co en,N,Cl]* and hydroxide ions have been measured, and the steric 
courses of the reactions determined. The tvans-isomer yields 13% of cis- 
and the cis-isomer yields 49% of tvans-hydroxoazido-product. The rates of 
reaction of the cis- and tvans-[Co en,(N;),]* and the cis- and trans- 
[Co en,N,(OH)]* cations with hydroxide ions are also reported. In the 
reactions of the complexes with hydroxide ions, the azide group seems to 
behave as an electron-withdrawing group, in the same way as, but to a 
smaller extent than, the nitro-group. A second mode of action appears in 
the reaction with water, in which an electron-releasing effect, similar to 
that of chlorine, becomes important. 


AttTHOUGH the thermal decomposition of azido-complexes has been investigated 4 and the 
réle of the azide ion as a substituting reagent * has been examined, no work has yet been 
published on the influence of the co-ordinated azide group on the lability of other ligands 
in the complex. This paper deals mainly with the labilising and directing effects of the 
azide group in some bis(ethylenediamine)cobalt (111) ions. 

(1) Isomerisation of the cis- and trans-Aquoazidobis(ethylenediamine)cobali(i1) Cations 
in Aqueous Solution—An aqueous solution of trans-aquoazidobis(ethylenediamine)- 
cobalt(111) perchlorate slowly changes colour from violet to purplish-red at room tem- 
perature. No co-ordinated azide ions are released during this process, which must therefore 
be an isomerisation. The kinetics were followed spectrophotometrically at 25°. The 
spectrum of the solution when equilibrium was attained was different from that of the 
pure cis-aquoazido-isomer, and the same spectrum was obtained irrespective of whether 
cis- or trans-[Co engN,H,O}(C1O,). was used. These final spectra, shown in Fig. 1, 
correspond exactly with that expected for a mixture of the cis- and trans-aquoazido- 
perchlorates having a composition of 73°, cis- and 27% trans-isomer. 

The kinetic form of the reaction was that of two opposing reactions of first order: 


ky 
cis-[Co engN,H,O]**+ ——> trans-[Co engNgH,O]*+ 
ky 
The specific rate of approach to equilibrium from either isomer was calculated directly 
from the optical densities by means of the equation 
hy + hy = (2-308/t) logyy (Dp — D..)/(Di — Dn) 


to give the values in Table 1. There is no significant dependence of the rate of isomerisation 
upon the pH of the solution over the range pH 2—6. 


* Part II, J., 1960, 4275. 


' Linhard, Weigel, and Flygare, Z. anorg. Chem., 1950, 268, 233. 
* Brown and Ingold, J., 1953, 2674; Basolo, Bergmann, Stone, and Pearson, J. Amer. Chem. Soc., 
1954, 76, 3079; Pearson, Henry, and Basolo, ibid., 1957, 79, 5379, 5382. 
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TABLE 1. First-order rate constants (k, + k., im sec.) of approach to equilibrium, in the 
reverse interconversion of cis- and trans-aquoazidobis(ethylenedtamine)cobalt(111) per. 
chlorate in dilute aqueous perchloric acid (10-*N) at 25°. 


Initial [Co salt] cis (%) at 
Initial confign. (mmole/I.) 105(k, + R_,) equilibrium 
GONE: cncdiviciescivrstdtilen 1-05 9-8 73 
id. |: titeianpaghottinineress 0-94 9-8 
GNI idcisemctcasesecuicsennitpes 0-70 10-0 


This is the fastest isomerisation of aquo-complexes of the type [Co engA(H,O)]"* that 
has so far been reported,’ but recent work ¢ has indicated that the isomerisation of the cis- 
and érans-[Co engClIH,O]** cations proceeds at a similar rate (k, + 4, = 93 x 105 
sec. at 25°). 

(2) Aquation of cis- and trans-Chloroazidobis(ethylenediamine)cobalt(1) Salts.—{a) 
Basic chemistry. The cis- and trans-chloro-salts have been well characterised,® and their 
configurations proved by optical resolution of the cis-isomer. 


cis-[Co engNgH,O]** 
ke k 
H,O +- cis- or trans-[Co engN,Cl]t ——> : bie +Cr- 
trans-[Co engN3H,O]*+ 


A dilute acid aqueous solution of a salt of either series slowly produces free chloride 
ions at room temperature. A study of the changing absorption spectrum indicates 


Fic. 1. ‘“‘ Infinity’ absorption spectra for 
the isomerisation of cis- or trans- 























[Co en,N,H,O]**. } 
a Fic. 2. Product analyses during the aqua- 
250 8 tion of ©, cis-[Co en,N,Cl]* and @, 
trans-[Co en,N,Cl]*. 
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A = trans-[(Coen,N,H,O]*. B = cis- 
[Co en,N,H,O]**. C = Equilibrium 
spectrum = 73% cis-isomer. 


successive processes having comparable rates. The first is the aquation of the chloro- 
complex, and the second the isomerisation described in Section (1). At very much longer 
reaction times a second aquation step can be observed in which the azide group is displaced. 
(b) Kinetics. The aquation was followed by estimating the concentration of chloride 
3 (a) Ingold, Nyholm, and Tobe, J., 1956, 1691; Part I, Tobe, J., 1959, 3776; (b) ASperger and 
Ingold, J., 1956, 2862. 


* Tobe, unpublished results. 
5 Staples and Tobe, following paper. 
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jons in the reaction solution with silver nitrate. There was no evidence for the formation 
of addition compounds between the complex cations and silver ions, nor was the aquation 
accelerated in the presence of an excess of silver ions. The application of a spectrophoto- 
metric method to the determination of the rate constants was hindered by the subsequent 
rearrangement of the aquoazido-products. The absorption spectra of the chloroazido- 
and aquoazido-bis(ethylenediamine)cobalt(i11) cations have already been reported ® and 
it will be seen that at 5330 A the aquoazido-isomers have identical molar extinction 
coefficients which differ from those of the chloroazido-isomers. The rate of change of 
optical density at 5330 A has been used to determine spectrophotometric rate constants 
but the method does not give reliable values for the cis-isomer because of the small 
percentage change of absorption. Table 2 contains the first-order rate constants 
determined by the two methods outlined above. 


TABLE 2. Tttrimetric and spectrophotometric rate constants for the aquation of cis- and 
trans-chloroaztdobis (ethylenediamine) cobalt(111) cation in aqueous perchloric acid (pH 2). 


[Titrimetric rate constants were derived graphically by plotting log,,(V,. — V;) against time, V,, 
and V, being the titres of silver nitrate after ten half-lives and at time / respectively (k, = 2-303 x slope). 
Spectrophotometric rate constants were determined graphically from the plot of log,» (¢q, — ¢) against 
time, wheree,, and ¢, are the apparent molar extinction coefficients of the solution at 5330 A after 
ten half-lives and at time ¢ respectively (¢,, = 214).] 


trans-[Co en,N,Cl](C1O,) cis-[(Co en,N,Cl],(S,O,) 
Initial [Complex] 10k, Initial [Complex] 104k, 
Temp. Method (mmole/1.) (sec.~4) (mmole/1.) (sec.-) 
10-1° Titrn. 1-98 0-32 Titrn. 0-40 0-35 
" sis 6-00 0-32 bi 1-00 0-34 
9-65 0-33 pa 2-02 0-35 
24-65 Spec. 1-00 2-0 
* vs 2-48 2-1 
- ia 4-82 2-0 
‘a 10-1 2-0 
25-00 Titrn. 1-62 2-2 Titrn. 0-51 2-4 
2 a 2-71 2-2 aa 2-00 2-4 
2-98 2-3 Spec. 1-34 2-3 
35-0 am 1-00 8-7 Titrn. 1-00 8-0 
‘i a 2-98 8-7 m 2-32 79 


(c) Steric course. It has already been shown that the cis- and trans-aquoazidobis- 
(ethylenediamine)cobalt(I11) cations, formed as a result of the aquation reaction, readily 
isomerise at 25° to give an equilibrium mixture containing 73% of the cis- and 27% of the 
trans-isomer. The rate constant for the approach to equilibrium (, + _,) is smaller than 
the rate constants for the aquation, k,, but of the same order of magnitude. Consequently, 
it is not possible to determine the steric course of the reaction by measuring the isomeric 
composition of the product when all the chloro-complex has reacted. The problem was 
solved by making full spectrophotometric analyses of the mixture while the reaction was 
in progress and then, by plotting the composition of the product against the fraction of the 
reaction completed, the composition of the product of aquation was determined by extra- 
polation to zero reaction. The extrapolation was guided by fitting a theoretical curve 
of the correct functional form to the data. The function used was 


flo mga Bey 
So —See (Ay + hy) — a F, 
where F, is the fraction of the chloro-complex that has reacted, f is the fraction of the aquo- 


product having the cis-configuration, and f,, is the value of f at equilibrium; f, is the 
fraction of cis-isomer produced by the actual act of aquation and is used as a variable in 
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order to obtain the best fit of the curve to the experimental data. The derivation of this 
function has already been given.* A full spectrophotometric analysis was possible in the 
study of the aquation of the ¢rans-cation but, owing to the similarity of the absorption 
spectra of cis-[Co en,N,Cl]* and cis-[Co ensN,H,O]**, spectrophotometric measurements 
could only be used to determine the concentration of the ¢rans-aquo-product. The 
analysis was completed by introducing titrimetric data to distinguish between the cis- 
chloro- and the cis-aquo-complex. 

The data for both the cis- and the trans-chloroazido-isomer are plotted in Fig. 2, where 
it will be seen that the reaction between trans-[Co en,N,CI]* and water at 25° yields 20% 
of cis- and 80% of trans-[Co en,N,H,O]**, whereas the cis-chloro-isomer yields 100% of 
cis-product under the same conditions. 

(3) Kinetics and Products of the Reaction of Hydroxide Ions with the cis- and trans- 
Chloroazidobis(ethylenediamine)cobalt(111) Cations in Water.—(a) Kinetics. The rate of 
release of chloride from the isomeric chloroazidobis(ethylenediamine)cobalt(II1) cations 


OH +- cis- or trans-[Co engN,Cl]* ——— cis- and trans-[Co engN3(OH)]* + Ci- 


is considerably increased in the presence of hydroxide ions. The reaction proceeds to 
completion and produces a mixture of cis- and trans-[(Co en,N,(OH)]* cations and is 
followed by a very much slower reaction whereby the azide is displaced. The kinetics of 
this step have been studied separately and are reported in Section 4. The second step is 
too slow to interfere with the first reaction and can be ignored. The rate of the reaction 


TABLE 3. Second-order titrimetric rate constants for the replacement of chloride by hydr- 
oxide in cis- and trans-chloroazidobis(ethylenediamine)cobalt(111) salts in aqueous solution 
at 0°. 

[The rate constants were calculated by using the integrated formula, k, = [2-303/#(b — a)]{log,, [a(b — 

x)/b(a — x)]} 1. sec.“ mole“, where a and b are the concentrations of complex and hydroxide respectively 


at time ¢ = 0, and + is the concentration of chloride ions at time ¢ (sec.). Hydroxide ions were introduced 
as carbonate-free sodium hydroxide solution.]} 


Initial [Co salt] Initial [OH] 3 Initial [Co salt] Initial [OH] ke 
(mmole/1.) (mmole/1.) (l. sec. mole!) (mmole/I.) (mmole/1.) (1. sec.-? mole“) 
trans-[Co en,N,Cl}(C1O,) cis-[Co en,N,Cl],(S,O,¢) 
1-16 5-00 0-41 1-24 2-92 0-18 
1-37 5-00 0-41 1-12 3-52 0-17 
1-90 5-00 0-40 1-16 4-70 0-17 
1-52 8-00 0-44 


TABLE 4. Proportions in which cis- and trans-hydroxoazidobis(ethylenediamine)cobalt(t) 
cations are formed in the reaction of hydroxide ions with cis- and trans-chloroazidobis- 
(ethylenediamine)cobalt(111) salts in water at 0°. 


E5000 
OPE sk wsngveetssacccncgiddinasanesoscccqovessesastncheecdedosoepiovidenqases 241 
ERIE sinsinccnaccdawenisistsdaseneberetvepsersecsaqningudeskeisaniwerte 131 
Aquo-cation mixture from cis-[Coen,N,Cl}*_....... échgacebstedeesishyetechtbossee 187 
Aquo-cation mixture from trams-[Co emgNgCl]*  ...........ceceecececeececeeeeeesees 146 


cis-[Co en,N,Cl)* gives 51% cis- and 49% trans-product 
trans-[Co en,N,Cl]* gives 13% cis- and 87% trans-product 


at 0° was measured titrimetrically by estimating the amount of chloride liberated. A 
sampling method was used, the reaction being stopped by pouring the solution into a 
small excess of ice-cold dilute nitric acid. The kinetics follow a second-order rate law, 
d{Cl-]/dt = k,[complex][OH~], and the second-order rate constants are collected in Table 3. 

(b) Steric course. The steric course of the reaction between cis- or trans-[Co en,N,Cl]* 
and hydroxide ions was determined by allowing the complex to react with excess of sodium 
hydroxide for ten half-lives at 0°. The solution was then acidified and made up to a known 
volume, and the spectrum measured. There was no indication that any co-ordinated azide 
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had been replaced by hydroxide in this time nor was there any evidence for any rearrange- 
ment of the hydroxoazido-isomers. Separate experiments showed that protonation and 
deprotonation were instantaneous and caused no steric change. The isomeric distribution 
of the cis- and trans-aquoazidobis(ethylenediamine)cobalt(1m1) cations in the acidified 
reaction product was calculated from the spectrophotometric data and the results are 
collected in Table 4. 

(4) Kinetics of the Reaction of Hydroxide Ions with the cis- and trans-Hydroxoaztdobis- 
(ethylenediamine)cobalt(111) Cations in Water.—In the presence of hydroxide ions, the cis- 
or trens-[Co engN,(OH)}* cations slowly lose co-ordinated azide and form a mixture of 
cis- and trans-[Co en,(OH),]*. The progress of the reaction was followed at 25° by 
estimating the concentration of azide ions in solution. The complex cations were removed 
from the solution by a cation-exchange resin and the concentration of the azide in the 
effluent was measured colorimetrically. This method could be applied to solutions far 
too dilute for the argentometric method to be of use. 


OH- + cis- or trans-[Co engN3(OH)]+ —— cis- and trans-[Co eng(OH),]* -+- N3~ 


The reaction was studied in the presence of sufficient excess of sodium hydroxide for 
the kinetic form to be of first order. Pseudo-first-order rate constants were obtained 
graphically from the slope of the semilogarithmic plot of log, ([N3~],, — [N3],) against 
time. The pseudo-first-order rate constants were divided by the concentration of the 
hydroxide ions to give the second-order rate constants, and both are given in Table 5. 

The complex ion was provided as a solution of its hydroxide and was obtained by the 
following method. It has been shown ® that cis- and trans-[Co en,N,Cl]* salts react very 
rapidly with an excess of mercuric perchlorate in 0-1M-perchloric acid to give the cis- and 


TABLE 5. Rate constants for the replacement of azide by hydroxide in cis- and trans- 
hydroxoazidobis(ethylenediamine)cobalt(11) salts in aqueous solution at 25-1°. 


[The pseudo-first-order rate constants k,’ were determined graphically from the slope of the semi- 
logarithmic plot of logy, ([N3~],. — [N3~]:) against time. The “infinity”’ azide concentration was 
determined experimentally. Second-order rate constants, k, = k,’/[OH~], are also reported.] 


[Complex] {Hydroxide] 108k, 

Confign. (mmole/l1.) (N) 104k’ (sec.-!) (Il. sec.“ mole) 
gr Rn 1-20 0-0500 1-40 2-80 
ae.) Meeianhineiansows 1-20 0-0500 1-40 2-80 
a eed aahdascninens 1-25 0-0500 1-42 2-84 
a ere 0-80 0-0500 0-59 1-18 
igs ee 0-80 0-0500 0-64 1-28 
5 ggetihiscdeanen 1-23 0-0500 0-59 1-18 


* Spectrophotometric rate constants. 


trans-[Co ensN,H,O}** cations with complete retention of configuration. The appro- 
priate amount of chloroazido-salt was weighed out and dissolved in water. An excess of 
mercuric perchlorate solution acidified with a little perchloric acid was added, and the 
solution shaken and passed down a column of Amberlite IRA-400 anion-exchange resin 
in the hydroxide form. All anions were replaced by hydroxide ions and the mercuric 
species were retained on the column as insoluble mercuric hydroxide. The effluent, 
therefore, contained only hydroxoazidobis(ethylenediamine)cobalt(111) hydroxide. It was 
shown that there was no noticeable loss of co-ordinated azide from the complex as a result 
of this treatment. The effluent was brought to the temperature of the reaction, a known 
amount of sodium hydroxide was added, and the solution adjusted to a known volume 
with water. 

The steric course of this reaction has not been determined. Difficulties may arise 
because of the rearrangement of the product. 

(5) Kinetics and Products of the Reaction of Hydroxide Ions with the cis- and trans- 
Diazidobis(ethylenediamine)cobalt(111) Cations in Water.—(a) Kinetics. The kinetics of the 
reaction were studied by measuring the rate at which the co-ordinated azide ions were 
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displaced in the presence of a large excess of sodium hydroxide. The kinetic form of the 
OH- + cis- or trans-[Co eng(N3)2]* —— cis- and trans-[Co engN3(OH)]* + Ng~ 


reaction was complicated because the hydroxoazido-products can undergo further reaction 
with hydroxide ions (Section 4) at a rate that is less than, but of the same order of magnitude 
as, that of the diazido-complexes. 

Since the concentration of the hydroxide was much greater than that of the complex, 
it was possible to treat the reaction as a sequence of first-order processes. The pseudo- 
first-order rate constants of the first step were sufficiently large compared to those of the 
succeeding steps for them to be determined by measuring the initial slope of the semi- 
logarithmic plot of log,, ([N,~],, — [Ns~].) against time, where [N,~], was the concentration 
of free azide ions in the solution at time ¢, and [N,~],, was the calculated concentration of 
azide ions that would be present in solution if only one of the two azido-groups in the 
complex was replaced by hydroxide. At later reaction times the semilogarithmic plot 
became steeper as the second stage of the reaction gained importance. The trans-diazido- 
isomer gave a linear plot for the first half-life, and the initial slope could be measured 
easily. The semilogarithmic plot for the cis-isomer curved away at earlier reaction times 
but it was still possible to guide the slope by the point representing [N,~], = 0. 

The pseudo-first-order rate constants were determined for two concentrations of 
hydroxide and are reported in Table 6, together with the derived second-order rate 
constants, hy. 


TABLE 6. Colorimetric rate constants for the replacement of the first azide group in cis- 
and trans-diazidobis(ethylenediamine)cobalt(11) perchlorate by hydroxide tons in aqueous 


solution at 25-1°. 
Initial [complex] [OH-] 10*k, 10% 


2 
Confign. (mmole/1.) (N) (sec.~1) (Il. sec.“ mole“) 
GUIENE. . . snonasagsecepisaccess 1-02 0-0200 : 2-27 11-4 
de nutkeasedecdipenenvics 0-52 0-0250 2-77 11-1 
ob. ebabbenoeséuexederes 1-02 0-0250 2-86 11-5 
ae | “ebAbeeddenatineinett 1-01 0-0333 3-84 115 
se: agtltdenonssasaasses 1-34 0-0333 3-65 11-0 
OUR. dhintiindiewnterenseseei 0-64 0-0500 3-33 6-66 
de: . necadhiiinbseresicanucs 0-80 0-0500 3-32 6-64 
ad? | ‘Sensaypneescedvesncdeee 1-53 0-0500 3-37 6-74 
sg | | nescdhdmanvaseseubieesie 0-64 0-1000 6-66 6-66 
sg Hecnegeab wénsesncedeeee 1-53 0-1000 6-44 6-44 
bh Nedeasttobescoscadscvece 2-51 0-1000 6-46 6-46 


(b) Steric course. Owing to the relative ease with which the hydroxoazido-products 
undergo further reaction with hydroxide ions, it was not possible to determine the steric 
course of the reaction by a spectrophotometric technique. During the reaction, the 
solution contains five light-absorbing species and the accuracy of the measurements does 
not permit the analysis of a five-component mixture. 

Use has been made of the difference in the reactivity of the cis- and trans-hydroxoazido- 
bis(ethylenediamine)cobalt(111) isomers in determining the steric course of the first step 
of the reaction. The ratio in which these products were formed could be deduced by 
studying the amount of azide released at the later stages of the reaction as a function of 
time. The system was treated as two simultaneous consecutive reactions, e.g., in the case 


of the ¢rans-isomer: 
cis-[Co en,N,(OH)]* + N5~ 


k,0 + OH-| ks 
trans-[Co eng(Ns3)]* + OH [Co en,(OH),]* + N3- 
kt + OH- | kg 


trans-[Co engN3(OH)]* + N3~ 
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Since the reaction was carried out in the presence of a large excess of hydroxide ions, the 
individual steps could be treated as first-order processes. For a given hydroxide concen- 
tration, k,°, k,", ky’, and k,’ were the pseudo-first-order rate constants, such that k,° = 
k,°(OH-], etc. Values for (k,° + k,"), ky’, and ’,’ were calculated from the appropriate 
rate constants from Tables 5 and 6. The fraction of the hydroxoazido-complexes having 
the cis-configuration when produced as a result of the replacement of the first azide group 
by hydroxide, f.i, = k,°/(k,° + 2"), was used as a variable in the plotting of a family of 
curves for [N,]~/A, against time, where A, is the initial concentration of the diazido- 
complex. These curves are compared with the experimental data in Figs. 3 and 4, which 


Fic. 4. Experimentally determined values of 


Fic. 3. Experimentally determined values of [N,-]/Ao, @, plotted against time for the dis- 
[N3~]/Ao, @, plotted against time for the placement of the azide in trans-[Co en,(N,),]* by 
displacement of the azide im cis- hydroxide tons. The full lines are calculated 
[Coen,(N3),]* by hydroxide ions. The for the values of % cis-product (100 f,;,) stated. 
full lines are calculated for the values of 
cis-product (100 f,;,) stated. 100%cis 5 at 

/00«cis 3 25%cis 
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show that the experimental data are best satisfied when f,;, = 0-30 + 0-05 for the trans- 
diazido-complex and f,;, = 0-55 + 0-05 for the cis-diazido-complex. 
The expression used to calculate [N,~]/A, was: 


(Np I/dy = 2 — 2 exp (—hy) — pA fexp (—hy) — exp (—hy 0} 





k T ’ 
- ee? eM Pie of 
4 1 


where k, = (k,° + 2,7). The values of the rate constants substituted in this expression 
are given in Table 7. : 


TABLE 7. Pseudo-first-order rate constants used in the determination of the steric course 
of hydroxide substitution. 


trans-[Co en,(N;),](ClO,)  —* cis-[Co en,(N3)_](C1O,) 
Temperature = 25-1° Temperature = 25-1° 
[Hydroxide] = 0-025n {Hydroxide] = 0-0500N 
k, = 2-82 x 10 sec.-! k, = 3-30 x 10° sec."! 
k,’ = 0-70 x 10~ sec.-! k,’ = 1-40 x 10~ sec."! 
k,’ = 0-308 x 10-4 sec.-! k,’ = 0-616 x 10- sec. 


4Q 
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SUMMARY AND DISCUSSION 


The results reported in the foregoing sections are collected in Table 8. 

The rates of the aquation of complex ions of the type [Co en,AX]"*, where X is the 
group that is replaced by water, have been shown to be very dependent upon the nature, 
and to a less extent, on the position of the non-participating group A and the mechanisms 
deduced from this have been discussed elsewhere.*** It has been postulated that a group 
that provides a conjugative electron displacement towards the cobalt atom (+7), e.g., (I), 
can facilitate an Syl dissociative mechanism, whereas a group that can provide such a 
displacement away from the cobalt atom (—7), e.g., (II), can facilitate an associative S,2 
mechanism. It is of interest to see where the co-ordinated azide group fits into this 
scheme as a labilising and orienting group. The normal state of the azide in the complex 
is expected to be a hybrid of the two canonical forms, (III) and (IV), so that, at first sight, 
a (+7) interaction would be expected, similar to that of co-ordinated chlorine. The 
possibility of a (—7) effect, similar to that of the nitro-group, cannot be over- 
looked: 7.¢., (V). 

: ) ;OH, 
HO 6 £} ie. 2 a8 -N=N=A: -N-NEN: 
(I) (11) (III) (IV) 
ete i420 -x (Vv) 


The azide group can therefore act in either direction, depending upon the requirements 
of the reaction, and can, in this respect, be likened to a phenyl group attached to a carbon 


TABLE 8. Rates, products, and Arrhenius parameters of reactions of azidobis(ethylene- 
diamine)cobalt(111) salts in aqueous solution. 
k = B exp (—E/RT) 
Displaced Rate cis-Product E 
group Temp. constant % (kcal. mole!) logy) B 
(A) cis- or ¢rans-[Co en,N,Cl]* + H,O ——» cis- & trans-[Co en,N,H,O}** -++ N,~ 
10*k, (sec.~*) 


GENER <csncscseres 10-1° 0-34 
ak" “eoenemennese 25-0 2-0 100 21-7 12-3 
a oe 35-0 8-0 
trans-Cl ......... 10-1 0-33 
ee ae 24-65 2-0 
a Aeaidiee 25-0 2-2 20 23-1 13-3 
a ‘wsaeouwel 35-0 8-7 


(B) cis- or trans-[Co en,N,X]* + OH- ——» cis- & trans-[Co en,N,(OH)]* + N,- 
k, (1. sec.“ mole“) 


OGD sisasicccessss 0-0 0-17 51 
trans-Cl ......... 0-0 0-41 13 
ce 25-1 0-0066 55 
trans-N3g........- 25-1 0-011 30 
(C) cis- or trans-[Co en,(OH)N,]* + OH-~ —— cis & trans-[Co en,(OH),]* + N,~ 

ky (1. sec.“ mole“) 
CPD wv sesesssens 25-1 0-0028 
trans-Ng......++. 25-1 0-0012 

ky 
(D) cis-[Co en,N,H,O]** ——> trans-[Co en,N,H,O}** 
ka 

10*(k, + A_,) sec.~1) 

cis- or trans-H,O 25-0 0-98 73 





* Basolo, Record Chem. Prog., 1957, 18, 1. 

? Ingold, ‘‘ Theoretical Organic Chemistry,” Butterworths Scientific Publications, London, 1959, 
p. 98. 
® Baldwin and Tobe, /J., 1960, 4275. 
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reaction centre. The data in Table 8 indicate that, whatever the mechanism, the co- 
ordinated azide group provides a strong labilising effect on the chlorine. Rate data alone 
cannot indicate whether the azide group behaves like the nitro-group or like the chloro- 
group, but the steric course of the reaction can contribute to this problem. It has been 
shown that bimolecular aquation proceeds with full retention of configuration.5* trans- 
Complexes that undergo unimolecular aquation, on the other hand, react with about 50% 
stereo-change.**78 The aquation of trans-[Coen,N,Cl]* proceeds with 20% stereo- 
change, which indicates that the reaction is not exclusively bimolecular in character and 
might even indicate that the reaction is wholly unimolecular provided a reasonable 
explanation can be given for the relatively small amount of steric change. A tentative 
suggestion is that both mechanisms are operating, the complex being presented with two 
alternative modes of reaction. There will be an inherent tendency to undergo an Syl 
dissociation due to the (+-7) effect of the azide group, but some cations may be presented 
with a water molecule suitably placed for bimolecular reaction. The azide electrons 
would then be polarised so that the (—T) effect would facilitate the bimolecular reaction. 
Little can be said about the mechanism of the aquation of the cis-[Co en,N,Cl]* cation 
because a cis-complex of this type always seems to retain its configuration on aquation 
whatever the mechanism. It has been reasoned, however, that the (4-7) effect is more 
effective from a ligand when it is cis to the outgoing group, whereas the (—7) effect is 
transmitted more readily to the ¢vans-position.? These factors would combine to make 
the Syl process most probable. 

The reactions between the chloroazido-complexes and hydroxide ions are mechanistic- 
ally unambiguous. Bimolecular attack by the hydroxide ion would completely over- 
shadow the unimolecular dissociation and cause the azide group to utilise its (—T) 
effect. The steric course of hydroxide substitution in the chloroazido-complexes is 
very similar to that in the corresponding nitrochloro-isomers * and the reactions are 
comparatively slow. On the other hand, there is a considerable difference between the 
behaviour of these complexes and that of the chlorohydroxo- and chloroisothiocyanato- 
complexes. 

The rate constants for the displacement of the azide group from these complexes by 
hydroxide are very much smaller than those for the removal of chlorine under similar 
conditions. Equilibrium studies on the [Co en,(N3).]*, azide, and water system indicate 
that the stability constant of the azido-complex is considerably greater than that of the 
corresponding chloro-complex. This is not surprising in view of the difference in the 
basicity of these two ligands. 


Experimental_—Preparations. The methods used for the preparation of the complexes 
have already been described. The criteria used to determine purity were analyses and full 
agreement of the visible absorption spectrum with that of a specimen of known purity. 

Methods of measurement. Spectrophotometric measurements were made by using silica 
cells and a Unicam S.P. 500 Quartz spectrophotometer. 

Ionic chloride was determined titrimetrically with standard silver nitrate solution, the 
end-point being determined potentiometrically. A silver-wire electrode was used and this 
half-cell was connected to a calomel standard electrode by an agar—potassium nitrate salt 
bridge. The titrations were carried out in beakers immersed in an ice-salt bath. 

The concentration of ionic azide was determined by the method of Staples.” An aliquot 
portion of the reaction mixture was passed through a column of Amberlite IR-120 cation- 
exchange resin in the sodium form. (If the resin is in the H* form all the co-ordinated azide 
is replaced by water and appears in the effluent.) The effluent and the washings were passed 
into a solution containing a known excess of sodium nitrite and 2-0 ml. of 0-1N-perchloric acid. 
The reaction, HN, + HNO, —» H,O + N, + N,O, was shown to be stoicheiometric and 
complete within 2 min. at room temperature. The concentration of the unchanged nitrite 


® Ingold, Nyholm, and Tobe, Nature, 1960, 187, 477. 
10 Staples, Chem. and Ind., in the press. 
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was determined colorimetrically by Ridd’s method," which is very suitable for concentrations 
of azide in the range 10*—10™m. 


The authors are indebted to Professor Sir Christopher Ingold, F.R.S., and Professor R. §, 
Nyholm, F.R.S., for advice and encouragement, and to Dr. A. M. Goodall for mathematica] 
assistance. One of the authors (P. J. S.) acknowledges a grant from the Ministry of Education. 
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936. The Preparation and Properties of Some Azidobis(ethylene- 
diamine)cobalt(m) Salts. 
By P. J. STAPLEs and M. L. Tose. 


Two isomeric series of salts have been characterised for each of the follow- 
ing complex cations, [Co en,(N;),]*, [Co en,N,Cl]*, and [Co en,N,H,O]**. 
One isomeric form of each of these cations has been resolved into an optically 
active enantiomorph and, on this basis, has been assigned the cis-configur- 
ation. The near-ultraviolet and visible absorption spectra of all these com- 
plex ions are reported together with some of the infrared absorption bands. 
Evidence supports a linear arrangement of the three nitrogen atoms in the 
co-ordinated azide group. 


In recent investigations of the replacement of chloride by azide in dichlorobis(ethylenedi- 
amine)cobalt(111) cations,~* it became apparent that a knowledge of the properties of the 
products is very necessary. Furthermore, it was desirable to examine the effect of a 
co-ordinated azide group upon the lability of other ligands in the complex and upon the 
steric course of any resulting substitution reaction. 

A number of azido-cobaltammine complexes have already been described, ¢.g., 
[(Co(NH,);N3)Xq, cis- and trans-[Co(NHj),(N3)2)X, and [Co(NH,),(N3)3] 4 and their spectra 
and reactivity reported in many cases. Strecker and Oxenius® described both the cis- 
and the trans-isomer of the [Co en,(N,),]* cation but they did not use any satisfactory 
criteria in their assignment of configuration. There is much disagreement between 
their observations and those reported in this paper. The [Coen,N,Cl]* and 
[Co en.N,H,O}** salts are now reported. 

The main methods for the preparation of the diazido- and chloroazido-complexes use 
the ready replacement of the chlorine in ¢trans-dichlorobis(ethylenediamine)cobalt(t1) 
chloride by azide ions in aqueous solution. This reaction takes place in two stages: 


(1) trans-[Co en,Cl,]* + N,~ — cis- and trans-[Co en,N,CI]* + Cl- 
(2) cts- and trans-[Co en,N,Cl]* + N,~ — cis- and trans-[Co en,(N;).]* + Cl- 


These two reactions proceed at similar rates and it is possible that step (2) is faster than 
step (1). 

trans-Dichlorobis(ethylenediamine)cobalt(111) chloride reacts with an excess of sodium 
azide to give a mixture of cis- and trans-[Co en,(N;).|N3, which can be readily separated 
owing to differences in solubility of the other salts in the series. The chloroazido-com- 
plexes, [Co en,N,CI]* are prepared in poor yield by reaction of trans-[Co en,Cl,}Cl with 

1 Brown and Ingold, J., 1953, 2680. 

? Pearson, Henry, and Basolo, J. Amer. Chem. Soc., 1957, '79, 5379. 

* Pearson, Henry, and Basolo, J. Amer. Chem. Soc., 1957, '79, 5382. 

* Linhard and Flygare, Z. anorg. Chem., 1950, 262, 328; Linhard, Weigel, and Flygare, ibid., 268, 


233; Linhard and Weigel, ibid., p. 245. 
® Strecker and Oxenius, Z. anorg. Chem., 1934, 218, 151. 
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one equivalent of sodium azide. As the chlorine in the chloroazido-complex is readily 
replaced by water and by azide, the main components of the mixture at the completion 
of reaction are unchanged dichloro-complex, the two diazido-isomers, and the two aquo- 
azido-isomers. The main difficulty, therefore, was the isolation of the small amount of 
the required compound from large amounts of impurity. 
cis-Diazidobis(ethylenediamine)cobalt(11) nitrate has been prepared almost quantit- 
atively by passing air through an aqueous solution of cobalt nitrate containing ethylene- 
diamine and sodium azide. No #rans-isomer was detected, and the very short time 
required for the reaction to take place indicates that the cis-isomer is formed directly by 
the oxidation. It is noteworthy that trans-dinitrobis(ethylenediamine)cobalt(I11) nitrate 
is formed in a very few minutes when air is blown through an aqueous solution of cobalt 
nitrate containing ethylenediamine and sodium nitrite,* and that trans-di-isothiocyanato- 
bis(ethylenediamine)cobalt(1m) thiocyanate can be prepared analogously.’ The stereo- 
specificity of these oxidations presents problems of considerable interest, and Watts ® has 
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recently shown that, if the air oxidation of a mixture of cobalt(m) nitrate, ethylenediamine, 
and sodium azide is carried out in suspension in methanol, instead of in aqueous solution, 
trans-diazidobis(ethylenediamine)cobalt(111) azide is obtained in almost theoretical yield. 
The cts- and trans-aquoazidobis(ethylenediamine)cobalt(111) salts were obtained from 
the corresponding chloroazido-salts. It has been shown that the cis- and the trans- 
(Co en,N,H,O]?* cation isomerise to an equilibrium mixture containing 73% of cis- and 
27%, of trans-isomer, and that the rate of this isomerisation is not much slower than the 
rate at which the aquo-complexes are formed from the corresponding chloro-complexes,® 
so that, although aquation proceeds with considerable retention of configuration, extensive 
rearrangement takes place before the aquation is complete. If, however, an excess of 
mercuric perchlorate is added to the solution of the chloroazido-complex, the co-ordinated 
chlorine is removed in a few minutes and is replaced by water. The co-ordinated azide is 
unaffected in the time required to complete this reaction. A spectrophotometric study of 
the products of the mercury(it)-catalysed aquation showed that the configuration is fully 
fetained in the product. It is of-interest that trans-chloroazidobis(ethylenediamine)- 
cobalt(111) salts yield 20°% of the cis-product when they are aquated in the absence of 


* Holtzclaw, Sheetz, and McCarty, Inorg. Synth., 1953, 4, 177. 
? Groszman and Schuck, Ber., 1906, 39, 1897. 

* Watts, personal communication. 

* Staples and Tobe, preceding paper, 
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mercuric ions.® Until now, the mercuric ion-induced aquation has been studied only in 
systems that either cannot indicate their steric course, ¢.g., [Co(NH;,);Br}?*,™ or whose 
uncatalysed aquation also proceeds with complete retention of configuration, ¢.g., cis- and 
trans-[Co en,(NH,)Br]?*, trans-[Co en,(NO,)Br]*, and cis- and trans-[Co en,(NO,)CI}*.1213 
In these latter compounds the mercuric-induced aquation proceeds with complete 
retention of configuration. 

It was possible to obtain crystalline, optically active salts of the red diazidobis(ethylene- 
diamine)cobalt(m) series and also of the red chloroazido-series, thus proving their 
configuration to be cis. The purple diazido- and blue chloroazido-series therefore have 
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(3) trans-[Co en,N,Cl](C10,), @. (3) trans-[Co en,N,Cl](C1O,). 

(4) cis-[Co en,N,Cl](C1O,), @. (4) cis-[Co en,N,Cl)(C10,). 


(5) trans-[Co en,N,H,O](C10,),. 
(6) cis-[Co ensN,H,O}(C1O,),. 


the trans-configuration. It was not possible to obtain sufficient of the aquoazido- 
complexes to attempt their resolution directly, but it was shown that, when an optically 
active solution of cis-chloroazidobis(ethylenediamine)cobalt(1m1) (-+-)-bromocamphor- 
sulphonate was treated with excess of mercuric perchlorate the solution produced was 
still optically active, possessed a rotation—dispersion curve that was quite different from 
that of the chloroazido-complex, and had a visible absorption spectrum that was almost 
identical with that of the red aquoazido-complex. The rotation-dispersion curves for all 
three cis-species are given in Fig. 1. 

The visible and near-ultraviolet absorption spectra were measured with a Unicam 
S.P. 500 Quartz spectrophotometer. The visible absorption spectra of, all the salts of a 
particular complex ion were identical, and this was taken as evidence for isomeric purity. 
The visible and near-ultraviolet spectra of some of the complexes are plotted in Fig. 2 and 


10 Brénsted and Livingston, J. Amer. Chem. Soc., 1927, 49, 435. 
1 Posey and Taube, J]. Amer. Chem. Soc., 1957, 79, 255. 

12 Tobe, J., 1959, 3776. 

13 Asperger and Ingold, J., 1956, 2862. 

4 Tobe, unpublished work. 
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the visible absorption band is given in more detail in Fig. 3. It will be seen that replace- 
ment of chlorine by azide shifts the longest-wavelength peak towards shorter wavelengths 
and considerably increases the molar extinction coefficients. 

The characteristic infrared absorption frequencies of the co-ordinated azide group were 
measured and are reported in Table 1, where they are compared with the frequencies 
assigned to similar vibrations in ionic azides of other cobaltammines, alkali-metal azides, 
and typically covalent azides. All measurements were made on the solid complex, which 
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TABLE 1. Some characteristic frequencies (in cm.) for infrared absorption by some 
azido-cobaltammine complexes. 


A ><-> An ><> 
Assignment a | ae Assignment 22. ae 
v v ¥ Y 
Compound cis-[Co en,ClJNg ..........0000. 626, 634 2037 
BEM | scicccccesee 639 2128 trans-[Co engCly]Ng ........+0++ 626, 633 2033 
8 eer 645 2041 cis-[Co engN5Cl)},(S,O,) ove 2037 
Eitedg  Y  oeccccece $38 2114 cis-[Co en,N,Cl}(C1O,) __...... 2041 
BB Ng * 22.00.0000 650, 661 2041 trans-[Co en,N,CI}(ClO,)_—_... 2033 
er 2140 (gas) trans-[Co en,N,Cl)(BF,) _ 2033 
2169 (solid) cis-[Coen,(N,),)Br_ ............ 657, 677 
8 OR ee 2143 (gas) cis-[Co en,(N3)q](NOs) ......... 2024, 2092 
cis-[Co en,(Ns)2](CIO,)_—...... 2028, 2075 - 
trans-(Co en,(Nsj)a]I ...........+ 667, 677 
trans-[Co en,(N3)](C1O,)__... 2020 


was ground to a mull with Nujol and placed between potassium bromide or sodium chloride 
plates. Spectra were measured with a Grubb-Parsons GS 2A spectrometer. The two 
frequencies reported are assigned to the bending mode of the azide group and to its 
asymmetric stretch. 


DISCUSSION 


Although there is considerable information in the literature on the structure of the 
azide ion in ionic compounds #8 and the structure of covalent azides, there is no report of 
any X-ray diffraction studies of the co-ordinated azide group. In the absence of such 
evidence any conclusions regarding the structure of that group must be deduced by 
analogy and considered to be rather speculative. 

The azide ion in ionic crystals has been shown to be linear with the two N-N bonds of 
equal length. When this group is co-ordinated to a metal ion there ought to be some 
electron shift towards the positive charge on the metal so that a contribution from the 
form (I) would be expected in addition to the form (II). It is not possible at this stage, 


Co Co 


(I) N-N=N N=N=N: (II) 
especially in the absence of any N-N bond-distance data, to assess the relative 
contributions of these two canonical forms to the actual structure but in both 
cases the three nitrogen atoms will be linear and the Co-N-N bond will be 
bent, the final angle being somewhere between 108° and 120°. Covalent azides, such as 
hydrazoic acid and the organic azides, have been shown to have such structures with a 
significant difference between the two N-N bond lengths. 

There are no structural data in the literature for azide compounds containing some 


% Gray and Waddington, Trans. Faraday Soc., 1957, 58, 901. 
® Dows and Pimentel, J]. Chem. Phys., 1955, 28, 1258. 

” Eyster and Gillette, J. Chem. Phys., 1940, 8, 369. 

** Evans, Yoffe, and Gray, Chem. Revs., 1959, 59, 515. 
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double-bond character in the bond joining the azide group to the rest of the molecule. In 
principle, two possible extreme structures can be visualised, one in which the electrons are 
displaced towards the azide group, and the other in which they are withdrawn from it: 


a. Rk N: R R 
qian —> “N—Neen: 


RQ .. r 
“NN: —e>)  Sy—n%” 
At first sight, it would seem that the first structure might contribute to the bonding in 
azido-cobalt(111) complexes, where a pair of d, electrons from the cobalt ion might 
participate in back donation. However, a comparison of the o- and x-bonded structures 
indicates that, as a result of the radically different bond angle requirements of the central 
nitrogen atom, there can be little, if any, mixing of the two canonical forms and the co- 
ordinated azide group must either by strongly double-bonded or else not double-bonded 
at all. The infrared and visible absorption spectra indicate quite definitely that there is 
no evidence for double-bonding in the ground state of these complexes and that the three 
nitrogen atoms are linear. 

The wave-numbers of the asymmetric stretching of the azide group and of its bending 
mode cannot be used as criteria for assessing covalent character in the metal ligand bond, 
since differences in crystal structures of the proven ionic azides can cause shifts comparable 
to those due to covalent-bond formation. An increase in the multiplicity of the metal- 
ligand bond as a result of back donation from the cobalt to the nitrogen atom would lead 
to a decrease in the total multiplicity of the N-N bonds in the azide group and should lead 
to a very significant decrease of the frequencies of both the asymmetric stretching and 
the bending mode. This is not observed, nor is an absorption found that can be assigned 
to the symmetrical stretching mode which should be active in the infrared region if the 
N-N-N bonds are bent. 

It is noteworthy that there is a splitting of the absorption band assigned to the asym- 
metric stretching of the azide group in the cis-diazidobis(ethylenediamine)cobalt(I11) salts 
that does not appear in any of the other azido-complexes. A similar splitting has been 
observed for the cis-dinitrobis(ethylenediamine)cobalt(111) salts, where the 820 cm. band, 
assigned to the bending of the nitro-group, is split. This is said to be due to both the 
in-phase and the out-of-phase vibrations of the two cis-nitro-groups being active in the 
infrared region.” 

The evidence from the visible absorption spectra is in accord with the conclusions 
drawn from the infrared spectra, although the interpretation is, by itself, less reliable. 
If we consider a complex ion of the type, trans-[Co en,X,]"*, the cobalt ion can be looked 
upon as experiencing a tetragonally distorted cubic field. The distortion will be greatest 
when the effective field of the ligand X is most different from that of ethylenediamine. 
The longest-wavelength peak in the visible region corresponds to the lowest-energy d-d 
transition, and if the frequency of this transition is considered it is possible to obtain a 
crude spectrochemical series: 


NO, > NH, > NCS > OH > OH, > N, > F> Cl > Br 


This series reflects the effective field produced by the ligand. It will be seen that the 
azide group is considerably removed from the other ligands that have nitrogen as the 
donor atom. Many factors will influence the position of a ligand in the spectrochemical 
series, but two of the most important are expected to be (i) the polarisability of the lone 
pair of electrons forming the « metal-ligand bond, and (ii) the capacity of the ligand as a 
whole to accept back donation from the metal in a x-bond. The presence of other lone 
pairs of electrons on the donor atom will decrease the effectiveness of the lone pair pointing 





® Chatt, Duncanson, Gatehouse, Lewis, Nyholm, Tobe, Todd, and Venanzi, ]., 1959, 4073. 
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towards the cobalt atom, while the possibility of d,-p, back donation will increase the 
overall effective field strength, e.g.: 
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+70 + ll J “y + " 
cLNZ oP ComN* and Co—C==N — PF Co=C==N 
\ s 
°o~ o~- 

In both these cases the bond-angle requirements of the o-bonded structure allow the 
appropriate overlap for the x bond and will allow some mixing to take place. 

Considering the ligands of the above series where nitrogen is the donor atom, and 
omitting azide in the first instance, we find that NCS < NH, < NO, in terms of ligand 
field strength. The common structures written for these ligands are, 


An =. a 

ts a | +H +9 

= . —-N—H —Ny 
—-N=C=sS: H 6: 


Neither NCS nor NH, has any easily accountable way of accepting back donation from the 
cobalt, whereas NO, has. Neither NO, nor NH, has an extra lone pair of electrons on the 
donor nitrogen atom whereas one of the canonical forms of the NCS ligand has. It remains 
to be seen to what extent mixing can occur between the two forms of thiocyanate because 
a fully covalent Co—-N bond would lead to a Co-N-C bond angle of 180° in the first case 
and 120° in the second. The azide group seems to produce a lower effective field than any 
of the other ligands that have a nitrogen donor atom that have been considered. If we 
apply the above reasoning to the azide group, it would appear that there is at least one 
extra lone pair of electrons associated with the donor nitrogen, suggesting that the azido- 


N + Co—N + 
= and to, 
NSA: Ney: 


group, when co-ordinated to cobalt(i11), is a mixture of the two canonical forms, but it is 
not possible to assess their relative contributions. There is no evidence for a significant 
contribution from a double-bonded form involving back donation from the cobalt to the 
nitrogen. 


EXPERIMENTAL 


Preparations.—trans-Dichlorobis(ethylenediamine)cobalt(111) azide was precipitated from a 
cold aqueous solution of the chloride by adding the appropriate amount of sodium azide solution. 
The pale green precipitate was washed with water and left damp. The small specimen required 
for the infrared measurements was washed with alcohol and ether and dried in a desiccator. 

cis-Diazidobis(ethylenediamine)cobalt(111) nitrate. Method 1. ¢tvans-Dichlorobis(ethylenedi- 
amine)cobalt(111) chloride (14-3 g.) was dissolved in water (30 ml.) and a solution of sodium azide 
(10 g.) in water (20 ml.) was added. A dull, pale green precipitate of the trvans-dichloro-azide 
was formed, and the mixture was stirred and heated gently until all the precipitate had dis- 
solved, yielding a deep purple solution. The hot solution was filtered and, on cooling, a dark 
purple crystalline solid crystallised. Examination showed this to be a 1: 1 mixture of cis- and 
trans-diazidobis(ethylenediamine)cobalt(111) azides which retains its composition on recrystallis- 
ation. The mixture was separated into its components by dissolving it in the minimum amount 
of cold water and adding an excess of solid ammonium nitrate to the filtered solution. After a 
few minutes, deep red crystals of the cis-diazidobis(ethylenediamine)cobalt(111) nitrate were 
filtered off, washed with alcohol and ether, and dried (CaCl,). After a few hours, the mother- 
liquor deposited a second crop of cis-nitrate which was also filtered off. The filtrate contained 
tvans-diazidobis(ethylenediamine)cobalt(111) salts and served as the starting material for the 
preparation of the salts of the tvans-series. 
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The cis-nitrate was recrystallised by adding solid ammonium nitrate to a saturated luke- 
warm aqueous solution of the crude salt. 

Method 2. A mixture of ethylenediamine (5 g.) and water (2 ml.), partly neutralised with 
concentrated nitric acid (3 ml.), was added to a solution of cobalt(11) nitrate hexahydrate 
(11-5 g.) and sodium azide (6 g.) in water (50 ml.)._ Air was then bubbled through the solution, 
and after 30 min. the crop of deep red crystals was filtered off, washed with alcohol and ether, 
and dried over CaCl,; the yield was 12-0 g. (95%). The spectrum of this compound is identical 
with that of all the proved cis-diazido-complexes. 

cis-Diazidobis(ethylenediamine)cobalt(111) perchlorate. A filtered saturated solution of the 
cis-diazido-nitrate was treated with an excess of solid sodium perchlorate. After a short 
while, dark red crystals of cis-diazidobis(ethylenediamine)cobalt(111) perchlorate were filtered 
off, washed with alcohol and ether, and dried (P,O,). The compound was recrystallised 
by adding solid sodium perchlorate to its saturated aqueous solution (Found: N,, 
23-1. [Co(C,H,N,).(N3).|ClO, requires N,, 23-2%). By the use of the appropriate sodium salt, 
the following salts were prepared: iodide (Found: N,°, 21-5; I-, 31-6. (Co(C,H,N,).(N;),]I 
requires N,~, 21-5; 17, 31-6%); bromide (Found: N,~, 24-5; Br-, 23-3. [Co(C,H,N,),(N;),]Br 
requires N,;, 246; Br, 23:3%); thiocyanate {Found: N,, 26-0; SCN, 18-2, 
[Co(C,H,N,)2(N3)2])(SCN) requires N,~, 26-2; SCN~, 181%}; dithionate {Found: N,~, 24-6, 
[Co(C,HN3)2(N3)2]e(S20,) requires N,~, 24-6% }. 

(+-)-cis-Diazidobis(ethylenediamine)cobalt(111) antimonyl-(+-)-tartrate. A cold _ saturated 
solution of cis-diazidobis(ethylenediamine)cobalt(111) bromide was mixed with a concentrated 
solution of potassium antimonyl-(+-)-tartrate. Almost immediately, fine red crystals separated 
and were filtered off, washed with alcohol and ether, and dried. Measurement of the rotatory 
dispersion of an aqueous solution showed that it was, at least partially, resolved. The 
antimonyl (+-)-tartrate was converted into the active perchlorate by adding perchloric acid 
to its aqueous solution and then precipitating the perchlorate with alcohol and ether. The 
perchlorate was converted into the bromide by adding solid sodium bromide to its aqueous 
solution, and the bromide was once again converted into the antimonyl (+)-tartrate. The 
rotatory-dispersion of this compound was found to be identical with that of the first crop, 
indicating that the complex had been fully resolved at the first attempt (Found: N,~, 15:3. 
[Co(C,H,N,)o(N3)2]C,H,O,Sb requires N,~, 15-3%). 

trans-Diazidobis(ethylenediamine)cobalt(111) perchlorate. The filtrate from the precipitation 
of cis-diazidobis(ethylenediamine)cobalt(111) nitrate in the preparation starting from trans- 
dichlorobis(ethylenediamine)cobalt(111) chloride was treated with solid sodium perchlorate. In 
a few minutes the impure tvans-diazido-perchlorate was precipitated as brownish-purple 
crystals. These were filtered off and washed with alcohol and ether, and the perchlorate was 
purified by reprecipitating it four times from its saturated aqueous solution by adding solid 
sodium perchlorate. The crystals were dried (P,O,) (Found: N,~, 23-0. [Co(C,H,N,),(N3).]C1O, 
requires N,~, 23-2%). The corresponding iodide was prepared by treating a saturated solution 
of the foregoing perchlorate with solid sodium iodide. The brownish-purple crystals were 
filtered off, washed with alcohol and ether, dried, and purified by reprecipitation from aqueous 
solution with sodium iodide (Found: N,~, 21-5; I-, 31-6. [Co(C,H,N,).(N3)2]I requires N,-, 
21-5; I~, 31-6%). The thiocyanate was prepared by an analogous method (Found: N,~, 26-1; 
SCN~, 18-2. [Co(C,H,N,).(N;),]SCN requires N,~, 26-2; SCN~, 18-1%). 

trans-Chloroazidobis(ethylenediamine)cobalt(111) perchlorate. trans-Dichlorobis(ethylenedi- 
amine)cobalt(111) chloride (14-3 g.) was dissolved in water (30 ml.), and a solution of sodium 
azide (3-25 g.) in water (10 ml.) added. A dull, pale green precipitate of the trans-dichloro- 
azide was formed, and the mixture was stirred and heated gently until all this precipitate had 
redissolved to form a deep purple solution which was filtered while still hot. Solid sodium 
dithionate was added to the filtrate which was then rapidly cooled to 0° in ice and the walls of 
the beaker were scratched vigorously with a glass rod for 2—3 min. The resulting considerable 
purplish precipitate was filtered off; it consisted of cis- and trans-diazido-dithionates, un- 
changed trans-dichloro-dithionate, sodium dithionate, and cis-chloroazido-dithionate, but it 
was not possible to isolate useful amounts of the last salt. The filtrate was treated with 
concentrated perchloric acid (5 ml.), and after about 15 min. a bluish-green solid was filtered off 
and extracted with several small portions (5 ml.) of ice-cold water until the insoluble residue of 
trans-dichlorobis(ethylenediamine)cobalt(111) perchlorate was bright green. The combined 
extracts were treated with a large quantity of alcohol and ether, and a blue powder was 
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precipitated and filtered off. The trans-chloroazido-perchlorate was purified by precipitating 
it from its aqueous solution with solid sodium perchlorate. The extreme lability of this 
complex makes it necessary for this procedure to be carried out as quickly as possible in ice-cold 
water. The compound was recrystallised in this way until its absorption spectrum was 
reproducible (Found: N,, 11-7; total Cl, 10-0; ionic Cl, 0-0. [Co(C,H,N,),N,CIJCIO, 
requires N,~, 11-8; total Cl, 10-0; ionic Cl-, 0-0%). 

trans-Chloroazidobis(ethylenediamine)cobalt(111) thiocyanate. A saturated solution of the 
foregoing perchlorate in cold water was treated with an excess of solid sodium thiocyanate 
and the walls of the vessel were scratched with a glass rod. After a few minutes, blue 
crystals of the thiocyanate were filtered off, washed with alcohol and ether, and dried 
(P,0;) (Found: N,, 13-2; total Cl, 11-3; total SCN~ = ionic SCN, 18-6; ionic 
Cl", 0-0. [Co(C,H,N,)N,CIJSCN requires N,~, 13-4; Cl~, 11:3; SCN~, 18-4%). 

cis-Chloroazidobis (ethylenediamine) cobalt(111) dithionate. trans-Dichlorobis(ethylenediamine)- 
cobalt(111) azide (30 g. of the damp compound) was stirred with water (25 ml.) and carefully 
heated until all the solid had dissolved to give a very deep purple solution that was filtered and 
treated with solid sodium fluoroborate (10 g.). A purplish-blue precipitate, containing un- 
wanted diazido-, dichloro-, and trans-chloroazido-fluoroborates formed on cooling and was 
filtered off. The filtrate was ground with a large excess of powdered sodium dithionate, and a 
red precipitate containing cis-chloroazidobis(ethylenediamine)cobalt(111) dithionate and un- 
dissolved sodium dithionate was obtained. The sodium dithionate was removed by successive 
extractions with very small amounts of ice-cold water. The residual dithionate was washed 
with alcohol and ether and dried (P,O;) {Found: N,~, 12-5; total Cl, 10-5; ionic Cl-, 0-0. 
[Co(C,H,N.),N,Cl],(S,0O,) requires N,~, 12-5; Cl, 10-65%}. 

To obtain the corresponding perchlorate, the above dithionate was ground with concentrated 
perchloric acid for 3 min. until all the solid had dissolved. Alcohol and ether were added, and 
the precipitate was immediately washed with alcohol, ether, and light petroleum to prevent it 
from liquefying. The dried powder was dissolved in the minimum amount of water and the 
filtered solution was treated with solid sodium perchlorate. After several minutes, dark-red 
crystals of the perchlorate were filtered off, washed with alcohol and ether, and dried (P,O,) 
(Found: N,~, 11-8; total Cl, 10-0. [Co(C,H,N,),N,CIJCIO, requires N,~, 11-8; total Cl, 10-0%). 

The (+-)-«-bromocamphor-z-sulphonate could not be prepared by adding ammonium (-+-)-«- 
bromocamphor-z-sulphonate to a solution of the racemic bromide and so the following procedure 
was adopted. A freshly prepared, damp specimen of trans-dichlorobis(ethylenediamine)- 
cobalt(111) azide (30 g.) was suspended in water and carefully heated until all the green solid 
had dissolved to form a deep purple solution. The hot solution was filtered on to solid ammon- 
ium (+-)-«-bromocamphor-z-sulphonate (20 g.) and the solution was cooled. Crystallisation 
was induced by scratching for 2—3 min. and the pinkish-red crystals were filtered off, washed 
with alcohol and ether and dried (P,O,). Further batches of the salt were obtained from the 
mother-liquor and were similarly treated. The rotatory-dispersion of an aqueous solution of 
each batch was measured. Because of the fairly rapid mutarotation it was necessary to prepare 
a fresh solution for each wavelength. The rotatory-dispersion curves of each batch were the 
same within the wide limits of experimental error and the curves indicated that the complex 
ion was, at least, partially resolved. As it has not yet been possible to convert 
this salt into the perchlorate or to convert the perchlorate into the diastereoisomer, 
it is not possible to say whether the complex is fully resolved (Found: N;, 7:4; 
CI”, 6-25. [Co(C,H,N,).N,CIJC,,.H,,BrO,S requires N,~, 7-4; Cl~, 6-25%). 

trans-A quoazidobis(ethylenediamine)cobalt(111) perchlorate. trans-Chloroazidobis(ethylenedi- 
amine)cobalt(111) perchlorate (0:4 g.) was ground with a little cold water and a few drops of 
0-1m-mercuric perchlorate solution until all the solid had dissolved to form a violet solution. 
This was filtered and passed down a column of Amberlite IRA-400 anion-exchange resin in the 
hydroxide form. The effluent contained only trans-hydroxoazidobis(ethylenediamine)cobalt- 
(11) hydroxide and was neutralised to pH 4 with dilute perchloric acid. An excess of solid 
lithium perchlorate was added and the solution was cooled. After about 10 minutes’ scratch- 
ing violet crystals of the trans-aqguoazido-perchlorate were precipitated and were filtered off, 
washed with alcohol and ether and dried {Found: N,~, 97. [Co(C,H,N,),N;,H,O}(CIO,), 
requires N,~, 9-6%. Ionic and co-ordinated chloride were shown to be absent}. A solution 
of the perchlorate gave insoluble precipitates with sodium reineckate, potassium mercuri- 
iodide, and sodium tetraphenylborate, 
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cis-A quoazidobis(ethylenediamine)cobalt(111) perchlorate. cis-Chloroazidobis(ethylenediamine)- 
cobalt(11) dithionate (0-25 g.) was ground with a little water and a few drops of 0-1m-mercuric 
perchlorate solution until all the solid had dissolved. The filtered solution was passed down a 
column of Amberlite [RA-400 anion-exchange resin (hydroxide form). All anionic species were 
replaced by hydroxide ions and the mercuric species were retained on the column as insoluble 
mercuric hydroxide. The effluent containing only cis-[(Co en,N,OHJOH was neutralised to 
pH 4 with dilute perchloric acid, and an aqueous solution of sodium tetraphenylborate was 
then added. A pink precipitate of cis-aquoazidobis(ethylenediamine)cobalt(111) tetraphenyl- 
borate was filtered off, washed with water, dried (P,O,) and then dissolved in a little ethanol. 
A saturated solution of lithium perchlorate in ethanol was added and the solution set aside 
for 5 min. Red crystals of cis-aqguoazidobis(ethylenediamine)cobalt(111) perchlorate were filtered 
off, washed with alcohol and ether, and dried {Found: N,~, 9-5. [Co(C,H,N,).(N3).H,O](C10,) 
requires N,~, 9-6%}. Anaqueous solution of this salt gave insoluble precipitates with potassium 
mercuri-iodide and sodium reineckate. 

Analyses.—The halogens and thiocyanate were estimated by potentiometric titrations with 
silver nitrate solution by using a silver-wire electrode, an agar—potassium nitate salt bridge, 
and a calomel reference electrode. Azide ions could also be determined by this method 
provided the solution was buffered to pH 5 with acetic acid and sodium acetate. Ionic halide 
and “‘ halogenoid ” ions were determined by dissolving a sample of the complex in ice-cold 
water and then carrying out the titration as rapidly as possible. The total halogen or 
** halogenoid ’’ content was determined by first breaking up the complex with alkali, acidifying 
it with a little acetic acid, and titrating the acidified solution. Prolonged treatment of the 
azido-complexes with alkali seemed to lead to low results for the analyses, possibly as a result 
of hydrolysis of the free azide ion. Such vigorous conditions, however, were not necessary for 
breaking up the complex. 


The authors are indebted to Professor Sir Christopher Ingold, F.R.S., and to Professor R. S. 
Nyholm, F.R.S., for valuable advice and encouragement. One of the authors (P. J. S.) grate- 
fully acknowledges a grant from the Ministry of Education. —~ 
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937. Cation-exchange Resins formed by the Acid Condensation of 
Phenolsulphonic Acid with Formaldehyde. 
By A. O. JAKUBOVIC. 


The acid-condensation of phenolsulphonic acid and formaldehyde was 
examined in detail. The exchange resins varied in capacity from 0-7 to 
3 milliequiv./g. The preparative technique developed allows wide variation 
in equilibrium swelling for any capacity from 1 to 2-8 milliequiv./g. 

Under otherwise similar conditions, cross-linking depends primarily on 
the water content of the reaction mixture. Formaldehyde hydrolyses some 
sulphonic acid groups, and the unsulphonated phenyl nuclei then partake in 
cross-linking. With increasing excess of formaldehyde, dependence of both 
capacity and swelling on the duration of heating becomes more pronounced. 
The results agree with the Houwink concept of phenol—formaldehyde con- 
densate structure, the resins of highest capacity carrying sulphonic acid 
groups on about half the phenyl rings. The condensation products are 
almost as stable to aqueous hydrolysis at room temperature as those of the 
polystyrene type but retain a certain amount of sorbed electrolyte which is 
difficult to remove. There is no evidence for ion-association between the 
fixed-ion and the counter-ion in the case of hydrogen, alkali, and alkaline-earth 
metal forms of the resins. Certain anomalous heat-drying phenomena and 
density variations observed require further study. 


More than a hundred reported preparations of cation-exchange resins are based on the 


Lederer—Manasse reaction, which was the method used by Adams and Holmes ? to prepare 


1 Jakubovic, Chem. Products, 1960, 23 457. 
* Adams and Holmes, J. Soc. Chem. Ind., 1935, 54, 11, 








ne 


to 
sy’ 
pr 
Tes 


ac 


all 











[1960] Condensation of Phenolsulphonic Acid with Formaldehyde. 4821 


the first synthetic ion-exchange resins. Although many of these deal with the preparation 
of sulphonic acid resins, few, if any, detailed investigations of the acid-catalysed phenol- 
sulphonic acid (hereafter abbreviated to PSA)-formaldehyde condensation have been 
published. Commerical emphasis has been either on more complex phenols and 
aldehydes * or on alkali condensations * involving addition of sulphites or of free phenol to 
the reaction mixture. The sulphite-addition method became the standard for preparing 
resins with sulphonic groups in the side chain (formula A), and addition of phenols is 


OH OH 
CH,- CH,- 
(A) (B) 
CH>SO3H SO3H 


necessary in preparing nuclear phenolsulphonic resins (formula B) by alkali condensation, 
as sodium phenolsulphonate alone will not resinify satisfactorily with formaldehyde, form- 
ing only a sticky, semicrystalline mass.*? The added unsubstituted phenol can be taken 
to act as the cross-link-forming unit in the condensation. Thus, although the reaction 
system is more complicated, it can be more adequately controlled commercially. 

However, for more fundamental investigations, the acid-catalysed condensation is 
preferable. In this, appreciable amounts of free phenol cannot be incorporated, as this 
results in inhomogeneity. The work reported here is a detailed examination of this re- 
action, its application to the preparation of homogeneous rods of the strongly acidic cation- 
exchange resin, and certain of the resin properties. The ionic mobilities of alkali and 
alkaline-earth cations in these resins have been dealt with elsewhere.”-® 


EXPERIMENTAL 


Sulphonation of Phenol.—The reaction between approximately equal parts by weight of 
phenol and sulphuric acid yields a mixture of o- and p-hydroxybenzenesulphonic acid.® At 
low temperatures up to 40% of the ortho-form is obtained, but at 100° this amounts to only 10%. 
A moderate excess of sulphuric acid can be used without greatly affecting the product. At 
temperatures above 160° di-p-hydroxyphenyl sulphone becomes an important by-product.’ 
Disulphonation, on the other hand, occurs only when a large excess of acid is used. 

The sulphonation of phenol was investigated systematically to obtain the most suitable 
PSA starting material. Phenol was heated with a 0-2 molar excess of sulphuric acid at 100° 
for a given time, and the product analysed. It was found that the percentage sulphonation 
varied with time of heating; e.g., 5, 30, and 100 minutes’ heating gave 85, 92, and 95% sulphon- 
ation, respectively. The PSA used in the resin preparations was prepared by heating 1 mole of 
phenol with 1-2 moles of sulphuric acid at 100° for 2 hours. 

Preparation of Resins.—So as to facilitate the subsequent investigation of certain physico- 
chemical properties,* the resins were prepared in the form of cylindrical rods, about 4 mm. in 
diameter and at least 10 cm. in length. In this form the clarity and transparency of the result- 
ing resin rods also gave a good indication of the uniformity of the preparation and the micro- 
homogeneity of the product. 

The accepted linear structure for acid-condensed phenol-formaldehyde resins is an altern- 
ation of phenyl nuclei and methylene bridges.4 A certain minimum ratio of the aldehyde to 


* B.P.P. 515,517, 654,487. 

* U.S.P. 2,319,359, the manufacture of Wofatit base exchange resins is reported in B.1.0.S. 
Report, 1946, No. 621, 22. 

5 B.P. 588,380; Moralli, Compt. rend., 1951, 282, 332; Kuwada, Misono, Yoshikawa, and Osawa, 
J. Chem. Soc. Japan, Ind. Chem. Sect., 1952, 55, 625. 

* Kressman and Kitchener, J., 1949, 1190. 

7 Jakubovic, Ph.D. Thesis, London, 1958. 

* Jakubovic, Hills, and Kitchener, J. Chim. phys., 1958, 263; Trans. Faraday Soc., 1959, 55, 1570. 

* Obermiller, Ber., 1907, 40, 3623. 

10 Zehenter and Fauser, J. prakt. Chem., 1927, 117, 233. 

™ Vanscheidt, Itenberg, and Andreeva, Ber., 1936, 69, 1900; Miiller and Miiller, Kunststoffe, 1948, 
88, 221; Meggson, Trans. Favaday Soc., 1936, $2, 336. 
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the phenolic constituent is required to produce cross-linking; very little branching or cross- 
linking occurs if the phenol is even in slight excess.!* First signs of gelation appear when the 
molar ratio of formaldehyde is increased from 0-863 to 0-869 to one of phenol.* 

In the preparations reported here, the molar ratio of formaldehyde to PSA was kept above 1, 
A systematic investigation of the influence of the ratio of PSA to formaldehyde and water was 
undertaken. So as to eliminate any variation in the composition of the reactants other than 
that caused by the actual reaction, the preparations were carried out in sealed tubes. The 
proportion of sulphuric acid to PSA was kept constant, as the course of the reaction and the 
products could be controlled and varied more readily by changes in the other components and in 
reaction conditions. 

The standard mixture of PSA and sulphuric acid was diluted with the requisite amount of 
water, and the formaldehyde solution added. After thorough mixing the whole was trans- 
ferred to a glass tube about 20 cm. long, having an internal diameter of 3mm. Throughout the 
preceding dilution, mixing, and transfer, the solutions were kept below 10°. The open end of 
the tube was drawn out before filling, so that a momentary application of a fine jet of flame at 
the tip sealed off the tube. A space of at least 2 cm. was left between the surface of the reaction 
mixture and the sealing-off point. Nevertheless, about 0-5 cm. at each end of the resin rods 
was cut off and discarded. It was found that displacing the air remaining in the tube with 
nitrogen had no detectable effect on the course of the reaction or on the product. The condens- 
ations were carried out by heating the tubes in an oven at the required temperature. 

Determination of Ion-exchange Capacity.—The resin rod was repeatedly equilibrated with n- 
hydrochloric acid and then washed with de-ionised water until the washings gave no reaction for 
chloride ions and had pH 5—7. The resin, now in the pure hydrogen form, was weighed in a 
stoppered tube, excess of water being removed from its surface by rapidly mopping the rod 
between two hard filter-papers. It was then equilibrated successively at least three times with 
the neutral salt solution concerned, the portions being collected for titration with standard 
alkali. The exchange capacity was expressed as milliequiv. of H* per g. of swollen resin in the 
hydrogen form. The results were reproducible to +0-5% or better. An alternative method 
tried consisted of titration im situ, the resin being equilibrated with the salt solution and the 
liberated acid back-titrated at intervals; however, this was not normally used, for the 
several titres required made it less accurate and the indicator tended to be sorbed by the resin. 

Determination of Water Content at Equilibrium Swelling.—The weighing of the resin was 
carried out as described in the previous section. The technique of mopping by rolling the rods 
between hard filter-paper was investigated and found to give water content results reproducible 
within +0-2%. Two methods of drying were used. 

(a) Heat-drying. Drying below 100° was unsatisfactory as constant weight was not reached 
for many days. Heating at 115—120° gave good results in several hours. The resins could 
generally not be re-swollen, however. To ascertain whether this was due to further reactions 
(see p. 4826) which could affect the water content, an alternative drying technique was 
investigated. 

(b) Vacuum-drying. This was carried out for 10 days in a vacuum-desiccator over phos- 
phoric oxide, the pressure being kept below 1 x 10 mm. 

The results obtained with several resins by these two methods were in good agreement, the 
differences being not more than +0-2%. However, as the resin rods generally shattered during 
the desiccation, re-swelling could not be examined readily, but again did not seem to occur. 

Determination of Density.—The dry weight and volume of the resin rods were measured, and 
the density obtained in the usual way. The volumes were determined by displacement of light 
petroleum in a micro-burette. The results were irreproducible; this may be connected with 
the irreversibility of drying and re-swelling. 


RESULTS AND DISCUSSION 


The results are given in the Tables. The molar proportions of PSA and sulphuric acid 
are not quoted in Table 1 as they were kept constant, being 1-0 and 0-2 throughout. 

General Considerations.—Some overall trends which can be discerned from the results 
will be discussed first. When the PSA : formaldehyde ratio is kept constant, under similar 


12 Bettleheim and Nihlberg, Svensk hem. Tidskr., 1947, 59, 31. 
13 Pollack and Riesenfeld, Z. angew. Chem., 1930, 43, 1129. 
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reaction conditions the cross-linking is greater the smaller the water content of the reaction 
mixture. This could be due to several causes, such as retardation of the reaction between 
formaldehyde and PSA by the dilution effect, or attenuation of hydrolysis of the sulphonic 
acid groups necessary for cross-linking to occur (see below). However, it has been shown 
that under acidic conditions the condensation of phenol and formaldehyde leads directly 


TABLE 1. Molar composition of the reactants, reaction conditions and characteristics 


of resins. 
Exchange capacity 
Hours of heating 4.0 content (% Molar ratio, (meq./g.-) 
Resin Addl. at at eq. swelling water to phenol, Swollen Dry 
no. CH,O H,O At 85° 100° of H* form at eq. swelling resin resin 
1 1-3 8 2-0 65-0 12 0-963 2-75 
1S 0-5 1-5 63-7 
1H 16-0 65-1 0-963 2-76 
2 1-3 15 4-0 75-7 25 0-681 2-81 
2S 0-5 3-0 73-7 
2H 34-0 73-7 0-709 2-70 
3 1:3 30 10-0 88-5 63 0-328 2-84 
3S 0-5 9-5 84-5 
3H 61-0 84-4 0-422 2-70 
4 1-7 9 2-0 63-3 13 0-849 2-31 
4S 0-5 1-5 60-2 
4H 16-0 60-7 0-767 1-95. 
5 1:7 16 4:0 74:7 23 0-603 2-38 
5S 0-5 3-5 71-6 
5H 34-0 71-2 0-584 2-03 
6 1-7 31 10-0 86-2 47 0-319 2-32 
6S 0-5 9-5 82-4 
6H 61-0 81-6 0-379 2-05 
7 3°5 11 2-0 71:3 17 0-441 1-54 
7S 0-5 1-5 66-9 
7H 32:0 63-9 0-263 0:73 
8 3-5 20 4-0 87-8 51 0-229 1-89 
8S 0-5 3-5 86-4 
8H 55-0 84-2 0-263 1-02 
9 3-5 37 15-0 89-4 57 0-190 1-80 
9S 0-5 14-5 84-5 
9H 75-0 83-9 0-195 1-21 
10 1-58 24 5-0 81-9 0-476 2-64 
ll 3-38 31 8-0 86-7 0-234 1-76 
12 3-38 31 30-0 82-3 0-274 1-55 
13 4-23 26 10-0 82-8 0-259 1-50 
14 2-06 25 8-0 81-2 0-422 2-22 
15 2-05 38 146-0 86-7 0-177 1-33 
16 2-06 25 60-0 82-9 0-246 1-42 


to methylene bridging ™ and, therefore, the lessened cross-linking caused by increasing 
amounts of water would be a direct consequence of the shift to the left in the equilibrium 


2HO*C,H,'SOH + CH,O emit [HO-C,H,(SO,H)],CH, + H,O 


Nevertheless, the results also support the retardation of the hydrolysis of sulphonic acid 
groups. Thus, resin 9, produced by 15 hours’ heating, had a higher exchange capacity 
than resin 7, which has beer heated for only about 2 hr., but which was formed in the 
presence of less than a third of the water present in the condensation of resin 9. 

For equimolar ratios of PSA to water, the formaldehyde concentration, particularly 
at the lower ones investigated, has only a small influence on the equilibrium swelling of 
the resultant resin, but a marked effect on its capacity. This indicates that the 
formaldehyde takes part in the hydrolysis of the sulphonic acid groups, which is confirmed 
by the fact that the rate of loss of capacity during the reaction is greater the greater the 
formaldehyde concentration. It is also significant that this rate is lowered by increasing 
the water content of the reaction mixture. 
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In the preparations where a high PSA : formaldehyde ratio was used, the duration of 
heating (from 2 to 60 hr.) was without much influence on the capacity of the product through- 
out the wide range of water contents employed. This is a further indication that the 
formaldehyde is operative in the hydrolysis of the sulphonic acid groups and, once exhausted, 
the polyacid is stable to hydrolysis under the experimental conditions. The additional 
cross-linking produced on prolonged heating is on the whole negligible, being significant 
only in the case of resin 3, which has the highest water content in the reaction mixture. 

Use of intermediate PSA : formaldehyde ratios at corresponding water contents results 
invariably in resins of lower capacity and swelling. Heating prolonged by a factor of 
about 8 causes a decrease of some 15% in exchange capacity and an approximately 5% 
decrease in equilibrium swelling. These findings further confirm the view that the 
formaldehyde not only links and cross-links the aromatic rings, but also hydrolyses 
sulphonic acid groups from some of the phenolic nuclei. 

The results for the lowest PSA : formaldehyde ratio show a marked dependence of both 
capacity and swelling on the time of heating. Thus heating for 75 hr. instead of 15 hr. 
decreases the capacity by a third, and increases the solid content of the swollen resin by 
more than a half. However, the first signs of the onset of inhomogeneity could be detected 
with resins obtained after prolonged heating and having very low capacities. 

Cross-linking, as measured by equilibrium swelling changes, proceeds much more 
rapidly at the higher curing temperature. This can be seen be comparing the various $ 
and H resins, particularly those of 2—6. To bring about similar cross-linking requires 
6—10 times as much heating at 85° as at 100°. This does not hold for the resins 7, 8, and 9 
prepared with a high formaldehyde ratio, again illustrating the more complicated nature 
of the reaction in presence of a large excess of formaldehyde. 

The exchange capacity of the resins varied between 0-7 and 3 milliequiv./g. As the 
phenolic hydroxyl groups do not take part in exchange reactions at a pH below 10, and 
all the exchange data were obtained at a pH not exceeding 8, the capacity represents the 
exchangeable hydrogen ions of the sulphonic acid groups, provided it is independent of 
factors such as counter-ion valency, resin particle size, and electrolyte solution 
concentration. As noted elsewhere, this was shown to be the case. Considered as for a 
sulphonic acid, the capacities correspond to equivalent weights between 300 and 1000. 
These results are comparable with those of Kressman and Kitchener,* who used an alkali- 
condensation technique for preparing a PSA exchanger. 

The resin structure being considered to consist of phenyl nuclei linked by methylene 
bridges, the number of phenyl nuclei per unit weight of the resin can be calculated from the 
equivalent weight. Thence, the molar ratio of water per phenyl unit can be obtained. 
Comparison of this value with that for the reaction mixture shows that in all cases the resin 
as prepared was below its equilibrium swelling. This was borne out by the increase in 
volume on washing and water equilibration of the resin rods after preparation. 

Structural Considerations.—Although the very low pH at which the reactions have been 
carried out favours the formation of 4,4’-dihydroxydiphenylmethane,™ as the PSA used 
was mainly the para-compound, the 2,2’-isomer is probably the major initial chain former. 
This accords well with the findings of Koebner,!® who isolated compounds with up to 
7 nuclei in the condensation of #-cresol. 

It has been shown? that in all types of phenol-formaldehyde condensations the 
phenolic hydroxyl group remains virtually unaffected, with the possible exception of 
certain quinone methide transition compounds, which may also account for the coloration 
of these condensates. No conclusive evidence was found in this work for any decrease in 
the content of phenolic hydroxyl groups. Within the limits of the accuracy of the 
determination of the capacity of these resins at high pH, the total capacity so determined 

™ Finn and Musty, J. Soc. Chem. Ind., 1950, 69, 49. 


'* Koebner, Z. angew. Chem., 1933, 46, 251. 
16 E.g., Martin, “‘ Chemistry of Phenolic Resins,” Wiley, New York, 1956. 

















[1960 





Condensation of Phenolsulphonic Acid with Formaldehyde. 4825 


was found to coincide with the sum of the sulphonic acid capacity (as determined below 
pH 8) and the phenolic capacity ascalculated. However, experimental difficulties associated 
with the pH range at which the phenolic hydroxyls act as exchange sites, coupled with 
alkali-absorption effects, precluded detailed quantitative examination. 

Setting aside this aspect, it can be assumed that the resin matrix of the exchange 
materials is essentially hydrophobic and remains substantially unaffected throughout. 
This is particularly likely in acid condensations, for it has been shown that under these 
conditions negligibly few hydroxymethyl groups are formed.!” The equilibrium swelling 
of a given counter-ionic form therefore depends solely on the cross-linking and the exchange 
capacity, the latter representing the only strongly hydrophilic groups present and, in fact, 
being responsible for the aqueous gel nature of these cation-exchange materials. 

As the capacities of resins 1, 2, and 3 are equal within +3%, the differences in swelling 
can be ascribed to cross-linking alone. To illustrate this more clearly, regain values 
rather than equilibrium swelling can be quoted. Whilst resin 1 has a regain of 2 (two parts 
of water for each part of resin in the swollen resin), resin 3 has a regain of 
about 7. Similarly, resins 4 and 6 have the same capacity, yet regains of 1-7 and 6-2, 
respectively. These very large differences show the wide variation in nominal cross- 
linking available by the preparative technique used. Comparison with polystyrene- 
sulphonic acid exchange resins is difficult, however, for the condensation products are 
more complex, whilst the cross-linking of the styrene resin corresponds closely to the 
bifunctional agent (usually divinyl benzene) added in the polymerisation. Nevertheless, 
the highest “cross-linking ’’ which could by such a comparison be assigned to these 
materials would be 15%. If the structure of-these resins consisted of chains of phenyl 
nuclei linked by methylene bridges, such cross-linking should produce resins of much 
higher capacity, provided all phenyl nuclei not taking part in bridging the chains retained 
their sulphonic acid groups. Although chain branching is possible and the structure is 
probably more complex than is represented by such an orderly arrangement of chains, this 
would not account for the relatively low capacities. Calculations show that the final 
products invariably contain more unsulphonated phenyl nuclei than PSA units, whilst if 
those forming the cross-links were the only unsulphonated units there should be at least 
five PSA residues for each unsulphonated phenol ring. Clearly, considerable hydrolysis 
has occurred, but whether more than the above proportion of the freed phenols has taken 
part in cross-linking or other three-dimensional linkages is speculative. The results 
obtained provide overall support for a structure of Houwink’s “ isogel’”’ type; 1* evidence 
for a somewhat similar ‘‘ microgel”’ structure of a PSA-formaldehyde resin has recently 
been put forward by Koschel and Schlégl.!® 

Hydrolytic Stability of the Resins.—The nuclear phenol sulphonic-formaldehyde cation- 
exchange resins are said to be less stable than the corresponding materials with side- 
chain sulphonic acid groups. Conductometric studies of the release of electrolyte 
(assumed to be sulphuric acid) into an aqueous layer in contact with the resins showed an 
apparent loss of capacity which was initially high, as compared with that for a polystyrene 
resin, but which decreased after prolonged washing, as shown: 


Loss of capacity per day (% X 107). 
After prolonged 


Initially washing 
Typical resin: of present work ............0.s.ssccesescocsscsecseceeee 2 0-5 
Zeo-Karb 215 (nuclear sulphonic) ............:.ssceesesecerereeeee 5 0-5 
Zeo-Karb 315 (side-chain sulphonic) ..............cseeseeeceeeeees 3 0-5 
Zeo-Karb 225 (polystyrenesulphOnic)  ..........sceceseeeeeeeeees 0-2 0-2 








” Finn, James, and Standen, Chem. and Ind., 1954, 188. 
** Houwink, J. Soc. Chem. Ind., 1936, 55, 247. 
* Koschel and Schlégl, Z. phys. Chem. (Frankfurt), 1957, 11, 137. 
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It seems that there is always some electrolyte strongly sorbed in the resin, which is 
responsible for the initial increase in conductivity. Further, it was found that the 
ammonium form of PSA-formaldehyde resins was also quite stable, less than 0-001% 
hydrolysing in water per day, and the alkali and alkaline-earth metal forms can be taken 
to be at least as stable. This agrees with the results of Heyman and O’Donnel,” who 
found no hydrolysis of the alkali-metal forms of a similar resin. 

Exchange-capacity, Swelling, and Counter-ionic Form.—Use of lithium, sodium, potass- 
ium, rubidium, and cesium chlorides for capacity determination gave identical results, 
It was also found that variation in the anion was without influence, chloride, nitrate, 
sulphate, and others being examined. The exchange capacity was also independent of the 
concentration of the salt solution, as no difference was found with 2N- and 0-05n-solutions. 
Capacity determinations using barium and calcium chloride solutions gave the same 
results as those obtained with alkali-metal salts, even with the highly swollen low-capacity 
exchange resins. This seems to indicate that the cation is not directly associated with the 
exchange sites, for the small ion (having a radius of a few A) could hardly span the mean 
distance of separation between neighbouring sulphonic acid groups (at least 20 A). This 
was further confirmed by the swelling of the resins in the various salt forms. The swelling 
is an indication of the extent to which the different cations are bound to the anionic groups, 
this aspect of ion-exchange having received considerable attention.“ In the resins 
discussed here, little difference was found in the equilibrium-swelling water contents of 
the various forms. The alkali-metal forms were swollen to within a fraction of a percent 
of the hydrogen form, differences between the various cationic forms themselves being 
insignificant (see Table 2). 


TABLE 2. Swelling of the resins in the alkali-metal forms. 


Counter- Equil. Alkali- Counter- Equil. Alkali- 
Resin ionic swelling metal Resin ionic swelling metal 
no. form (% water) content (%) no. form (% water) content (% 
10 H 81-9 14 H 81-2 
Li 81-7 0-327 Li 81-1 0-290 
Na 80-7 1-10 Na 80-3 0-965 
K 79-7 1-894 K 79-4 1-660 
Cs 75:8 6-278 Rb 77-7 3-582 
Cs 758 5-548 
ll H 86-7 
Li 86-6 0-161 16 H 82-9 
Na 86-1 0-538 Li 82-8 0-170 
K 85-6 0-925 Na 82-4 0-562 
K 82-0 0-959 
13 H 82-8 Rb 81-2 2-090 
Li 82-6 0-180 Cs 79-9 3-217 
Na 82-3 0-593 
K 81-8 1-012 
Rb 80-6 2-210 


The fact that the resins could not generally be re-swollen after drying indicates the 
occurrence of some irreversible process. One explanation could be that some hydroxy- 
methyl groups formed in the resin condense to methylene or ether bridges. Alternatively, 
sulphonic acid groups could be split off during the heating, the consequent decrease in the 
content of hydrophilic groups reducing the capacity for re-swelling. Such losses have 
been observed by other workers; for instance, heating Dowex 30, which is of the PSA- 
formaldehyde type, for 16 hr. at 135° halved its exchange capacity, and a loss of about 23% 
in capacity was sustained at 120°.22 More recently, this irreversible change on drying of 


2 Heymann and O’Donnell, J. Colloid Sci., 1949, 4, 405. 
*1 E.g., Kitchener, ‘‘ lon-exchange Resins,”” Methuen, London, 1957. 
22 Bauman, Skidmore, and Osmin, Ind. Eng. Chem., 1948, 40, 1350. 
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PSA resins has been observed by Holdoway, Lane, and Willans,™ who state it to be the 
object of their further studies. 


The author thanks Dr. J. A. Kitchener for his encouragement and interest, and the 
Permutit Co. Ltd., London, W.4., for a Research Bursary. 


CHEMISTRY DEPARTMENT, IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY, 
S. KENsINGTON, Lonpon, S.W.7. (Received, May 4th, 1960.) 


23 Holdoway, Lane, and Willans, Chem. and Ind., 1959, 483. 





938. The Nitrosation of Phenol in Aqueous Perchloric Acid. 
By D. A. Morrison and T. A. TURNEY. 


The rate of C-nitrosation of phenol in aqueous 20—60% (w/w) perchloric 
acid has been determined. Possible mechanisms for the reaction in this 
region are discussed. 


In aqueous perchloric acid nitrous acid in low concentration may be involved in two 
concurrent equilibria: HO-NO + H,O* = H,NO,* + H,O and HO-NO + H,O* => 
NO* + 2H,0.! At higher concentrations of nitrous acid the equilibrium 2HO-NO => 
N,O, + H,O can become important.? In acid solution, nitrous acid reacts readily with 
phenol by electrophilic substitution to form nitrosophenols. #-Nitrosophenol forms 90% 
of the product.® 

In aqueous perchloric acid with nitrous acid at low concentration the potential nitro- 
sating species, apart from nitrous acid which will be relatively ineffective, are the nitrous 
acidium ion (H,NO,*) and the nitrosonium ion (NO*). 

When the rate of the reaction is governed by the equilibrium concentration of the 
reactive species it is theoretically possible to distinguish between a nitrous acidium attack 
and a nitrosonium-ion attack by considering the way in which the rate varies with acidity. 

For a reaction through the nitrous acidium ion 


d (log k,)/dy = —dH,/dy 
while for the reaction through the nitrosonium ion 


d (log k,)/dy = —d/J,/dy 


where k, is the second-order rate constant, y is the percentage of acid, and H, and J, are 
the appropriate acidity functions. 

Recent work in hydrochloric acid showed that the reaction is of first order with respect 
to nitrous acid and to phenol. The second-order rate constant for the reaction catalysed 
by hydrochloric acid (pH 1-3) at 0° is 0-135 1. mole? min.+.5 Nitrosyl chloride may be a 
complicating factor in this reaction. 

This paper deals with the kinetics of the nitrosation of phenol in aqueous perchloric 
acid. The reaction of nitrous acid with phenol under these conditions follows second- 
order kinetics and is acid-catalysed: 


Rate = k,(HO-NO)(phenol) 
where k,, the second-order rate constant, increases with acidity. 


1 Hughes, Ingold, and Ridd, J., 1958, 58. 

* Bunton and Stedman, /., 1958, 2440. 

® Veibel, Ber., 1930, 68, 1577. 

* dela Mare and Ridd, “‘ Aromatic Substitution,” Butterworths Scientific Publ., London, 1959, p. 37. 

5 Suzawa, Yasuoka, Manabe, and Hiyama, Science and Ind. (Japan), 1953, 27, 349 (Chem. Abs., 
1956, 50, 227); 1955, 29, 7 (Chem. Abs., 1955, 49, 13,749). 
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Experimental.—Sodium nitrite, phenol, and perchloric acid, “‘ AnalaR ’’’ quality, were used 
throughout. 

To minimise decomposition of nitrous acid the reaction was carried out with both nitrous 
acid and phenol at 0-001N and at 0-6°. The nitrous acid was estimated by the Griess—Ilosvay 
method.’ 

Nitrous acid concentrations for each run were determined every 5 min. for the first half of 
the reaction and at longer intervals later. 

The rate constants were found by a plot of (a — c)/ac against ¢, where a is the initial concen- 
tration of nitrous acid and c the concentration after time ¢. Good second-order rate constants 
were found throughout. No account was taken of any decomposition of nitrous acid occurring 
during the reaction. 

The ultraviolet absorption spectrum of the reaction product in 45-2% (w/w) perchloric acid 
was examined and shown to be similar to that of p-nitrosophenol. The bulk of the phenol is 
converted into p-nitrosophenol. 


Results and discussion.—The experimental results are as follows: 


HCO, (% w/w) ..cccccceeceees 215 303 382 41-7 £452 483 61:4 570 
ky (1. mole min.~!) ......... 1-5 33 96 245 657 95 120 155 


From a plot of log k, against °, w/w perchloric acid the following slopes are found which 
are tabulated with the values of —dH,/dy and —d/J,/dy given by Deno e¢ al.8 


HCIO, (% w/w) (y)  ceseeees 25 30 35 40 45 50 55 
d (log Ry)/Ay  ..ccveeecceeeeeeee 004 O05 006 O12 O§f10 0:04 0-02 
© ara Rel 013 O16 O18 020 022 029 0-32 
WI Gas llece lt. bees 0-06 007 42008 O10 O11 O16 0-16 


These results up to 45%, acid support the view that H,NO,* is the active species. The 
falling off of rate beyond this point is probably due to protonation of the phenol. 

The conclusion from these results is interesting in view of the fact that the spectro- 
scopic results for nitrous acid in perchloric acid appear best interpreted as an equilibrium 
between HO-NO and NO*.® We accordingly offer an alternative mechanism consistent 
with the experimental results: 


C,H;-OH + Ht == C,H,-OH,* Rapid pre-equil. . . . (i) 
C,H,;-OH,* + HO-NO —» #-HO-C,HyNO Rate-determining . . (2) 
For (1) H, = pK + log C,H,-OH/C,H,-OH,* 
For (2) Rate = k[(C,H;-OH,*][HO-NO} 
Also Rate = kx, [(CsH;-OH][HO-NO] 


The concentration of the protonated species being assumed always to be effectively 

small, we then have 
Rexp = k x 10PK-% 
log Rexp = log k + pK — H, 
d (log Aexp)/dy = —dH/dy 

which is again consistent with the experimental results, the falling off of the rate above 
45%, acid being due to the dissociation of nitrous acid to nitrosonium ion 

Our present experiments do not enable us to distinguish between this mechanism and 
that involving attack by H,NO,* but they exclude NO* as the attacking species. 


One of us (T. A. T.) thanks the University of New Zealand Research Grants Committee 
for a grant. 

UNIVERSITY OF AUCKLAND, AUCKLAND, NEW ZEALAND. [Received, May 12th, 1960.] 

* Hughes and Ridd, /., 1958, 82. 

? Rider and Mellon, Ind. Eng. Chem., Analyt., 1946, 18, 96. 


* Deno, Berkheimer, Evans, and Peterson, J. Amer. Chem. Soc., 1959, 81, 2344. 
® Turney and Wright, J., 1958, 2417. 
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939. The Structure of Nidulin, a Metabolite of Aspergillus 
nidulans. 


By F. M. Dean, D. S. Deorna, A. D. T. Erni, D. W. HuGues, 
and JoHN C. RoBERTSs. 


Nidulin is allocated structure (IIa): the structures of nornidulin (“‘ ustin ’’) 
and dechloronornidulin, compounds produced along with nidulin by a strain 
of Aspergillus nidulans, follow from this. A 1-methylpropenyl substituent 
in ring B has not been encountered before amongst depsidones and is rare in 
other fields: its chemistry is greatly modified by the neighbouring chlorine 
atom. 


A PARTIAL structure (I) for nidulin, the chief of the related metabolites of a non-ascosporic 
strain of Aspergillus nidulans, was suggested + in 1954. Evidence is now presented for 
the complete structure (IIa), in which ring B is of a type novel in the depsidone field. 

It was reported earlier that O-methylnidulin could not be hydrogenated, did not add 
osmium tetroxide or halogens or give an epoxide with perbenzoic acid, and did not undergo 
ozonolysis, but that nitric acid converted it into an unreactive olefin which differed from 
the parent in that it gave an epoxide when attacked by perbenzoic acid or by ozone. 
This olefin was called O-methyldehydronidulin because it was thought that nitric acid 
effected dehydrogenation. Sufficient results have now been amassed to show that 
nitric acid effects isomerisation and not dehydrogenation so the product is now renamed 
0-methylisonidulin. In particular, O-methylnidulin has been found to yield an epoxide 
when treated, under the appropriate conditions, with ozone (though not with perbenzoic 
acid); and both O-methylnidulin and O-methylisonidulin rapidly add dinitrogen tetroxide 
to give the same adduct, C,,Hj,Cl,0;(NO,)., which, as it has an infrared spectrum 
appropriate to an aliphatic nitro-compound,? but not to an aromatic nitro-compound or to 


a nitrite, is formulated with the grouping O,N-C-C-NO, and designated dihydro-O- 
methyldinitronidulin. 

Although earlier work had shown that methanolysis converted O-methylnidulin into 
the phenolic methyl O-methylnidulinate (III) which afforded methyl dichloroeverninate 
(IV) when degraded by nitric acid, no fragment corresponding to ring B was isolated, and 
all the evidence for such a ring was indirect. Fission of methyl O-methylnidulinate by 
nitric acid has now been found to give very small quantities of a chloroquinone clearly 
derived from ring B, and a study of oxidising agents other than nitric acid showed that 
periodate, first found by Adier and Magnusson ° to split phenoxyphenols, afforded low but 
useful yields of the same chloroquinone. This yellow compound, C,,H,,ClO,;, had 
chemical and spectroscopic properties indicative of a hydroxyquinone of partial structure 
(V), making it clear that ring B in nidulin (IIa) is derived from hydroxquinol as is usual 
in the depsidone series. 

Treatment of nidulin with hydriodic acid followed by aerial oxidation of an alkaline 
solution of the product supplied a red compound, C,,H,,0,, which behaved as a 2,5-di- 
hydroxyquinone (see Fig. 1); and as the second hydroxyl group must have replaced the 
chlorine atom in the chloroquinone, partial structures (VI; R = OH) and (VI; R = Cl) 
can be written for these compounds. 

C-Methyl determinations on nidulin and its methyl ether gave values ranging 
unaccountably from 0-92 to 2-05. In marked contrast, the chloroquinone (VI; R = Cl) 
gave values of 2-75 and 2-77, and the dihydroxyquinone (VI; R = OH) gave a value of 
2:93, showing that the carbon atoms of the C, residue must be distributed so as to include 

1 Dean, Roberts, and Robertson, J., 1954, 1432. 


® Brown, J. Amer. Chem. Soc., 1955, 77, 6341. 
% Adler and Magnusson, Acta Chem. Scand., 1959, 18, 505. 
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three C-methyl groups, the intact nidulin molecule containing four such groups. As 
neither a C, system nor a C, + C, system can be arranged so as to give rise to three moles 
of acetic acid, but a C, + C, system can, it follows that the partial structure (VI; R = C)) 


Fic. 1. Ultraviolet absorption spectra (in ethanol) .2. Ultraviolet absorption spectra (in ethanol) 
of: A, 2,5-dihydroxy-3-methyl-6-1'-methyl- : <A, Dihydrodinitro-O- ap 
propenyl- 1,4-benzoquinone ; B, 2,5-dihydroxy- (¥ = 0); B, O-methylnidulin (x = 0-2); 
3-methyl-1,4-benzoquinone; C, 2-chloro-5- O-methylisonidulin (x = 0-4). 
hydroxy - 6-methyl -3-1’- methylpropenyl- -1,4- 
benzoquinone (VII). 

















1 1 
250 290 
Wavelength (mz) ' Wavelength (mp) 





for the chloroquinone can be expanded to either (VII) or (VIII). To confirm the existence 
of a 1-methylpropeny] side-chain, the chloroquinone was oxidised by alkaline hydrogen 
peroxide to tiglic acid (IX): and this is why the side-chain in nidulin (Ila) is given the 
cis-methyl configuration. Had angelic acid, the geometrical isomer of tiglic acid, been 


Me Me 
co: 10 OMe cl CcO-O OMe we, Cite 
HO CsHie HO cl cl 
q ° 
Me-C Cy 


C-Me 


= 
(I) (IT'a) Me (IIb) H 
Me 
\-COsMe OMe ciA7 come HOA Y?] &, 
MeO CsHio MeO OH rey CsHio 


Cl 
id (IV) 


Me Me-C:CHMe 
HO °) HO 0 HO o 
CsHio 
° R ° cl O° cl 
Me-C:CHMe Me 
(VI) (VII) (VIII) (1X) 


formed, it might have isomerised to tiglic acid during the oxidation and isolation as the 
latter is the more stable of the two,‘ but the nuclear magnetic resonance spectrum * of 


* Details of this and of model compounds connected with this investigation will form the subject 
of a separate communication. 


* Buckles, Mock, and Locatell, Chem. Rev., 1955, 55, 659. 
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0-methylnidulin independently demonstrated that the methyl groups in the side-chain 
are cis-related. 

The structures (VII) and (VIII) for the chloroquinone can each be combined in two 
ways with the everninate nucleus (IV), so that there are four possible structures for 
nidulin, two of type (IIa) and two of type (X). In all four, ring B is fully substituted, 
which explains the facts that methyl O-methylnidulinate (III) does not couple with 
diazonium salts or with Gibbs’s reagent, that its allyl ether (III; CH,:CH-CH,°O for OH) 
is thermally stable, and that O-methylnidulin does not suffer aromatic nitration or halo- 
genation. That methyl O-methylnidulinate is not methylated by diazomethane supports 
the view that the phenolic hydroxyl group has an ortho-alkyl substituent: when there is 
no such substituent, or when the substituent is chlorine, alkylation is normal. Finally, 
the full substitution of ring B accounts for our inability to convert nidulin into a xanthone 
comparable with those obtained from gangaleoidin * and other depsidones.’? 

In marked contrast to nidulin itself, the amorphous product obtained by heating 
nidulin or O-methylisonidulin with hydriodic acid was oxidised by chromic acid in sulphuric 
acid to ethylmethylmalonic acid (XI). This compound contains one more carbon atom 
than tiglic acid or any other acid which can be accounted for solely in terms of rings B as 
in (IIa) or (X). Moreover, the model compound (XII) failed to yield ethylmethylmalonic 
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Me Me 
cl co-0 cl Me. _-CO:H MeO OMe 
HO “ OMe Et“ -CO,H CMe:CHMe 
Cl Me-C:CHMe Me 
(X) (X1) (XII) 
Me Me O OH 
OH fe) M 
Gu” "OOS ee 
e) i 
. re) n CH2Cl 
Me-C:CHMe e 
(XII) Me €& (xiv) (XV) 


acid when treated similarly, so it can be inferred that the extra carbon atom originated 
in ring A. To account for this and the part played by hydriodic acid we regard the 
expected functions of hydriodic acid, i.e., demethylation, dechlorination, and decarboxyl- 
ation, as leading to a diphenyl ether (XIII) in which an acid-catalysed internal Friedel— 
Crafts alkylation at a vacant site in ring A is effected by the 1-methylpropeny] side-chain, 
This would afford a xanthen such as (XIV), which has not been isolated but would suffer 
oxidation to ethylmethylmalonic acid. Thus structures (IIa) and (X) are both acceptable 
for nidulin, but their isomers with the methyl and the methylpropenyl substituents 
interchanged in ring B are not. 

The resistance of the side-chain in O-methylnidulin and O-methylisonidulin to double- 
bond reagents being significant, the model compound (XII) was studied. This olefin was 
readily cleaved to acetaldehyde by ozone, added osmium tetroxide rapidly, and could be 
hydrogenated. As rings A in ‘structures (Ila) and (X) are too remote to influence the 
methylpropenyl side-chain, it now follows that it is the chlorine atom of ring B which 
renders the double bond inert. This effect is probably not merely steric in origin, since 
chlorine and methy] are held to be of similar size,8 but is probably electronic. In structure 
(IIa) for nidulin, but not in structure (X), the chlorine atom is well placed to exert 


5 Murphy and Nolan, Sci. Proc. Roy. Dublin. Soc., 1941, 22, 315, and earlier papers, 

® Keane and Nolan, Sci. Proc. Roy. Dublin Soc., 1940, 22, 199. 

? Hayashi, J]. Pharm. Soc. Japan, 1937, 57, 112; Asahina and Shibata, Ber., 1939, 72, 1388. 

8 de la Mare, in ‘‘ Progress in Stereochemistry,”’ ed. Klyne, Butterworths Scientific Publications, 
London, Vol. I, 1954. 
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electronic effects both directly through space and indirectly through the aromatic ring, so 
we prefer the former structure. Moreover, only structure (Ila) possesses methoxy] 
placed in ring B as in other depsidones and at a position which conforms with the positive 
colour tests for resorcinol nuclei given by nornidulin. 

The isomerisation of O-methylnidulin by nitric acid can now be interpreted as 
geometrical isomerisation in a structure (IIa), giving (IIb), which we regard as the 
structure of O-methylisonidulin. This transformation is radical-catalysed, for it cannot 
be induced by hydrochloric acid or by nitric acid when urea is present to destroy oxides 
of nitrogen. That both O-methylnidulin and O-methylisonidulin give the same adduct 
with dinitrogen tetroxide is doubtless due to the same phenomenon, and so is the formation 
of small amounts of O-methylisonidulin when O-methylnidulin is treated with N-bromo- 
succinimide or with limited quantities of bromine. With an excess of bromine, O-methyl- 
nidulin gives what is considered to be bromo-O-methylisonidulin because it has infrared 
absorption bands characteristic of the spectrum of O-methylisonidulin and because it can 
also be obtained by brominating the last compound. With sulphuryl chloride, O-methyl- 
nidulin was converted into an alkyl halide which reacted promptly with silver ions and 
on hydrogenation regenerated O-methylnidulin in low yield: the halide is not a single 
substance, however, for the nuclear magnetic resonance spectrum shows it to be an 
equimolecular mixture of chloro-O-methylnidulin and chloro-O-methylisonidulin, geo- 
metrical isomers with the side-chain (XV). 

The bromo-compound should probably be formulated similarly but has not been closely 
examined. 

Allylic activity in highly hindered olefins is, of course, well-known in other fields 
(notably in steroids and triterpenes) and enables the low and erratic C-methyl values given 
by nidulin to be attributed to the ease with which the methyl groups of the methylpropenyl 
side-chain are oxidised. This view is supported by-the higher values (2:3 and 33 
respectively) obtained from methyl O-methylnidulinate (III) and decarbonidulin;* here 
ring B is an unprotected phenolic nucleus and therefore more susceptible to oxidation and 
thus gives values nearer to the theoretical. 

Scale models show that in a structure (IIa) the 1-methylpropeny] side-chain is almost 
rigidly held in a plane at right-angles to that of ring B, so there can be little conjugation 
between the two and it is not surprising that there is great similarity in the ultraviolet 
spectra (Fig. 2) of O-methylnidulin, O-methylisonidulin, and their adduct with dinitrogen 
tetroxide. 

There is, however, a striking difference between the infrared spectra of methyl O-methyl- 
nidulinate and O-methylisonidulinate. Both these compounds (III) behave as phenols 
(Vmax. 3570 cm.) and as methyl benzoates (vmx, 1736 cm.), yet the isonidulinate has 
additional, but weaker, broader bands at 2390 and 1712 cm.. These bands persist in 
the solid state and in dilute solution in carbon tetrachloride. In the same solvent, both 
O-methylnidulin and O-methylisonidulin show only a single band, at 1754 cm.", appro- 
priate to phenyl benzoates. These observations suggest that in the isonidulinate, but not 
in the nidulinate, there is some intramolecular hydrogen-bonding between the hydroxyl 
and the ester groups, and that this is connected in some way with the geometrical 
configuration of the C, side-chain. The most probable connection is through restriction 
of rotation of ring A with respect to ring B in the ether (III), and this provides another 
reason for locating the C, side-chain at position 6 in (IIT). 

Ring B in nidulin (II) is of a type new to depsidones, but it conforms to the acetate 
rule ® as indicated in (XVI). Viewed in this light, ring B is less novel since calophyllolide ® 
(XVII) can be regarded as a close relative, one in which the aldol condensation (a) leading 
to ring B is replaced by an acylation (b) leading to the phloroglucinol system. In calo- 
phyllolide, however, one of the “ extra’’ methyl groups of nidulin is replaced by an 


* Birch, Ryan, and Smith, J., 1958, 4773, and other papers in this series. 
10 Polonsky, Compt. rend., 1956, 242, 2961. 
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isoprenoid substituent.. There are also general similarities to the fungal metabolite 
citrinin 4 (XVIII). 

Nornidulin can now be formulated as (Ila; OH for OMe), and dechloronornidulin ™ 


Me (or CsHg) 





CsHy 
CH CHa CH 
oc” ‘go oss: “¢o oc” “go 
-C. CH, << HiC3 CHa —» H,C_CH-CO-CHMe+COMe 
¢ OC% “co CO 
CH-COMe 7 
Me CH2:COMe | 
} Me 
(XVI) Calophyllolide 
(XVII) 
HO Me 
epee t Can 
HO 
12) Me O~ 
Me 
Me, (XVII) (XVIII) (XIX) 


as the analogue with (XIX) for ring A. It is possible to isomerise the dimethyl ether of 
dechloronornidulin with nitric acid, so this compound also has the cis-configuration in its 
C, side-chain. 


EXPERIMENTAL 


O-Methylnidulin Oxide.—The reaction between perbenzoic acid and O-methylnidulin in 
chloroform was so slow that no accurate estimation of the oxygen uptake could be made, and 
no pure material could be isolated after 14 days. 

Oxygen, containing ~3% of ozone, was slowly bubbled through O-methylnidulin (0-5 g.) 
in methylene dichloride (25 ml.) at —78°. The blue solution was kept at —78° for some hours, 
and after the solvent had been removed at room temperature and under reduced pressure a 
gum remained which crystallised on the addition of methanol. Repeated recrystallisation 
from aqueous methanol finally supplied O-methylnidulin oxide in rods (61 mg.), m. p. 144—145° 
(Found: C, 53-0; H, 4:2; Cl, 22-2. C,,H,,Cl,O, requires C, 53-2; H, 4:0; Cl, 22-5%). 

O-Methylisonidulin (IIb).—As described earlier,1 the reaction between nitric acid and 
O-methylnidulin gave material melting at 168°. Fractional crystallisation of this from acetic 
acid afforded a little O-methylnidulin and much O-methylisonidulin, which formed prisms, 
m. p. 174° [Found: C, 55-0, 55-1; H, 4-0, 4:2; Cl, 23-1; OMe, 13-3. C, ,H,,Clz,O,(OMe), 
requires C, 55:1; H, 4:2; Cl, 23-3; OMe, 13-6%]. The infrared spectrum of a sample of m. p. 
174° was but slightly different from that of a sample of m. p. 168°. When O-methylnidulin 
(100 mg.) in acetic acid (5 ml.) containing concentrated hydrochloric acid (1 ml.) was kept at 
100° for 4 hr. and the hot solution diluted with water until crystallisation started, O-methyl- 
nidulin (40 mg.), m. p. and mixed m. p. 144°, separated. Dilution of the mother-liquors 
afforded a gum which failed to crystallise and was completely soluble in aqueous sodium 
hydrogen carbonate. Search failed to reveal any O-methylisonidulin. 

O-Methylisonidulinic Acid.—A sdlution of O-methylisonidulin (0-1 g.) in dioxan (10 ml.) 
and 2N-aqueous sodium hydroxide was kept at 100° until dilution with water no longer produced 
a precipitate. Liberated by the addition of 2n-sulphuric acid, O-methylisonidulinic acid 


1 Birch, Fitton, Pride, Ryan, Smith, and Whalley, J., 1958, 4576. 
#2 Dean, Erni, and Robertson, J., 1956, 3545. 
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separated from benzene-light petroleum (b. p. 60—80°) in plates, m. p. 138° [Found: C, 52-7; 
H, 46; Cl, 22-5; OMe, 12-5. C,gH,;Cl,O,(OMe), requires C, 53-0; H, 4-4; Cl, 22-4; OMe, 
13-0%]. 

O-Methylisonidulin (0-23 g.) was added to a solution from sodium (0-012 g.) in methanol 
(20 ml.) and kept at the b. p. for 2hr. The base was neutralised by a stream of carbon dioxide 
and the solvent was removed under reduced pressure leaving a solid which, when purified from 
aqueous methanol, yielded methyl O-methylisonidulinate in prisms, m. p. 142° (Found: C, 53-8; 
H, 4:5; Cl, 21-9. C,,H,,Cl,O, requires C, 53-9; H, 4:7; Cl, 21-8%). 

Dihydro-O-methyldinitronidulin.—(a) To O-methylisonidulin (220 mg.) in ethyl acetate 
(8 ml.) was added an ethereal solution of dinitrogen tetroxide until a permanent orange tint 
appeared. After } hr., the solvent and the excess of reagent were removed im vacuo and the 
residue was treated with methanol to induce crystallisation. Recrystallised from acetic acid, 
this product afforded dihydro-O-methyldinitronidulin in prisms (109 mg.), m. p. ~198° (decomp.), 
Vmax, 3070 (CH in SCH-NO,), 1739 (lactone), and 1558 cm.“ (>C-NO,) [Found: C, 46-0; H, 3-4; 
N, 48; OMe, 11-7. C,gH,sCl,N,O,(OMe), requires C, 45-8; H, 3-5; N, 5-1; OMe, 11-3%}. 
At its m. p., this compound evolved oxides of nitrogen. (b) Dinitrogen tetroxide (1 ml.) was 
added to O-methylnidulin (0-25 g.) in acetic acid (10 ml.). 4 Hr. later, water was added, giving 
a solid which was thoroughly washed with water, dried in air, and shaken with ether. The 
insoluble portion was purified from acetic acid, giving dihydro-O-methyldinitronidulin in 
prisms (93 mg.), m. p. 198° (decomp.), further identified with a specimen prepared as in (a) by 
means of its infrared spectrum. 

The ether-soluble portion was recovered, taken up in benzene, and chromatographed on a 
silica column (1 x 15cm.). The first two bands eluted contained no identifiable material. 
The third contained what appeared to be a mononitro-compound. This separated from methanol 
in needles (33 mg.), m. p. 162°, vnax, 1736, 1553 cm.“ [Found: C, 50-1; H, 3-7; Cl, 21-1; N, 2-8; 
OMe, 12-5. C,,H,,Cl,NO;(OMe), requires C, 50-1; H, 3-6; Cl, 21-2; N, 2-8; OMe, 12-3%]. 
The ultraviolet spectrum was almost identical with that of the dinitro-compound. 

The fourth band supplied O-methylisonidulin, m. p. and mixed m. p. 173°. The fifth band 
supplied O-methylisonidulin oxide, m. p. and mixed m. p. 200°. Finally, a little dihydro- 
O-methyldinitronidulin was eluted. 

Halogenation.—(a) Sulphuryl chloride. To O-methylnidulin (0-5 g.) in acetic acid (15 ml.) 
was added freshly distilled sulphuryl chloride (1 ml.) and a trace of benzoyl peroxide. Next 
day, dilution with water precipitated a solid which was dissolved in ether, washed with aqueous 
sodium hydrogen carbonate, then with water, dried (Na,SO,), and recovered by evaporation. 
The residue was recrystallised several times from methanol, giving chloro-O-methylnidulin 
(as a mixture of geometrical isomers) forming needles (0-21 g.), m. p. 132—133°, vay 1754 cm. 
(mull or CCl, solution) (Found: C, 50-9; H, 3-6; O, 16-1; Cl, 28-5. C,,H,,Cl,O, requires 
C, 51-2; H, 3-7; O, 16-3; Cl, 28-8%). This compound rapidly afforded silver chloride when 
treated with silver nitrate in acetic acid, and gave chloride ion when treated with aqueous 
sodium hydroxide. 

Chloro-O-methylnidulin (0-3 g.) in methanol (20 ml.) was shaken under hydrogen with 
5% palladium—calcium carbonate (0-1 g.) until absorption ceased. The catalyst was removed 
by filtration and the filtrate was concentrated to a small bulk. The material which separated 
was recrystallised from methanol and then acetic acid, giving O-methylnidulin in needles 
(0-11 g.), m. p. and mixed m. p. 146°. 

(b) Bromine. Interaction of O-methylnidulin (1 g.) in acetic acid (20 ml.) with an excess 
of bromine (1 ml.) in acetic acid (5 ml.) in sunlight was stopped after 5 min. by dilution with 
water. Repeatedly crystallised from methanol, the gum produced afforded bromo-O-methyl- 
isonidulin in long needles (0-25 g.), m. p. 162° (Found: C, 46-7; H, 3-6; Hal, 28-2. 
C,,H,,BrCl,O, requires C, 47-0; H, 3-4; Hal, 28-6%). This compound was not affected by 
piperidine at 100° for 5 hr., but reacted at once with silver nitrate in acetic acid to give silver 
bromide. The same bromo-compound, m. p. and mixed m. p. 162°, resulted when O-methyl- 
nidulin was replaced by O-methylisonidulin. 

Interaction of O-methylnidulin (1 g.) in acetic acid with a limited amount (0-05 ml.) of 
bromine also led to a gum. This gum, in benzene, was chromatographed on a silica column, 
(2 x 20 cm.), and the eluate was collected in 5 ml. fractions. The first fractions contained 
O-methylnidulin, but later ones contained O-methylisonidulin which separated from acetic 
acid in prisms (32 mg.), m. p. and mixed m. p. 173°. 
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(c) N-Bromosuccinimide. O-Methylisonidulin was unaffected when heated with N-bromo- 
succinimide in carbon tetrachloride for 4 hr. After a week in these conditions O-methyliso- 
nidulin was the only product recoverable. 

O-Methylnidulin (0-29 g.) and N-bromosuccinimide (0-12 g.) were heated together in boiling 
carbon tetrachloride (20 ml.) for 4 hr. The succinimide which separated was removed and 
the filtrate evaporated to dryness. The gummy residue, in benzene, was chromatographed on 
a silica column, but the only crystalline fractions consisted of O-methylisonidulin (16 mg.), 
m. p. and mixed m. p. 173°. 

Alkylation Studies on Methyl O-Methylnidulinate.—(a) Allyl bromide. Interaction of methyl 
O-methylnidulinate (0-5 g.), allyl bromide (0-2 ml.), and potassium carbonate (2 g.) in boiling 
acetone was complete in 4-5hr. The filtered solution was evaporated, and the residue, in ether, 
was washed with 2N-sodium hydroxide and then with water, dried (Na,SO,), and regained by 
evaporation of the solvent. The oil produced crystallised in contact with light petroleum 
(b. p. 40—60°) and when recrystallised from this solvent gave methyl O-allyl-O-methylnidulinate 
in massive prisms (0-23 g.), m. p. 93—95° (Found: C, 56-9; H, 5-3. C,,H,,Cl,O, requires 
C, 56-7; H, 5-1%). This ether (0-15 g.) was kept in dimethylaniline (10 ml.) and acetic 
anhydride (1 ml.) at 170° under nitrogen for 5 hr. but most (0-09 g.) of it was recovered unchanged. 

(bv) Diazomethane. To methyl O-methylnidulinate (or methyl nornidulinate) (0-1 g.) in 
ether (30 ml.) was added a large excess of ethereal diazomethane. After 4 days at 0°, volatile 
material was removed in vacuo and the crystalline residue (0-1 g.) was purified from methanol, 
giving methyl O-methylnidulinate in needles, m. p. and mixed m. p. 161°. No non-phenolic 
material could be detected in the crude product. Treated similarly, nornidulin (0-1 g.) afforded 
Q-methylnidulin (0-083 g.), which, when crystallised from alcohol, formed rods, m. p. and 
mixed m. p. 145°; and decarbonidulin (0-15 g.) afforded O-methyldecarbonidulin as prisms 
(0-12 g.), m. p. and mixed m. p. 134°, after recrystallisation from light petroleum (b. p. 
60—80°). 

Attempted Conversion of Nidulin Derivatives into Xanthones.—(a) Aluminium chloride. 
Powdered aluminium chloride (2-8 g.) was added to a solution of nidulin (2-2 g.) in benzene 
(40 ml.) at the b. p. After 10 min. a red-brown complex began to separate: after 6-5 hr. it 
was collected and decomposed with ice-cold dilute hydrochloric acid. The product, in benzene, 
was extracted into 2N-sodium hydrogen carbonate (4 x 25 ml.) and recovered therefrom by 
acidification, forming a cream-coloured powder (2-2 g.). This powder did not crystallise, so 
it was dissolved in ether (250 ml.) and kept with diazomethane for one day at 0°. Obtained 
by evaporation of the solvent, the oily product was chromatographed from benzene on alumina. 
One fraction afforded a gummy solid which, when purified by recrystallisation from methanol, 
gave a substance as lemon-yellow rhombs (20 mg.), m. p. 165—167° [Found: C, 54-0; H, 5-3; 
OMe, 38:0%; M (Rast) 470], soluble in 2N-sodium hydroxide but not in aqueous sodium 
hydrogen carbonate, and giving no ferric reaction. Its infrared spectrum (vm, 1732, 1672, 
1612, and 1586 cm.) could not be reconciled with a xanthone-type formulation, and no colour 
test for xanthones or hydroxyxanthones was positive. 

(b) Oxalyl chloride. O-Methylnidulinic acid (0-12 g.) was heated for 1 hr. on the steam-bath 
with oxalyl chloride (1 ml.) in chloroform (10 ml.). Isolated by means of aqueous sodium 
hydrogen carbonate, the acidic fraction yielded O-methylnidulinic acid, m. p. and mixed m. p. 
185°. The neutral fraction crystallised from methanol, to give O-methylnidulin in needles, 
m. p. and mixed m. p. 148°. No other product was detected. Similarly, nidulinic acid afforded 
a mixture of nidulinic acid and nidulin. 

Oxidative Degradation of Methyl O-Methylnidulinate.—(a) Nitric acid. Nitric acid (d 1-4; 
0-68 ml.) was added to methyl O-methylnidulinate (1-8 g.) in propionic acid (140 ml.) at 0° + 1°. 
After 20 min., the cherry-red solution was diluted with water (700 ml.) and extracted with 
ether (3 x 300 ml.). The combined ethereal solutions were washed with water and aqueous 
sodium hydrogen carbonate, and then extracted with 2N-sodium hydroxide until the alkaline 
layer became purple. Acidification of the alkaline extract then yielded methyl 3,5-dichloro- 
everninate (IV) which separated fram 90% methanol in feathery needles (0-8 g.), m. p. and 
mixed m. p. 82—83°. The ethereal solution was dried (Na,SO,) and evaporated to a red oil 
(0-8 g.) which, when kept at 100°/17 mm., gave an orange sublimate (70 mg.). Resublimation 
followed by recrystallisation from light petroleum (b. p. 40—60°) furnished 2-chloro-5-hydroxy- 
6-methyl-3-1’-methylpropenyl-1,4-benzoquinone (VII) in yellow, pyramid-tipped prisms (42 mg.), 
m. p. 141—142° (Found: C, 58-4; H, 5-0; Cl, 15-4; OMe, 0. C,,H,,ClO, requires C, 58-3; 
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H, 49; Cl, 15-7%). This compound had Aggy (in hexane) 274, 280, 330, 404 (infi.) my (log 
e 4-22, 4:25, 3-42, 2-53), and vmax (KCl) 3390 (OH), 1650 (CO), 1600 (C:C), or (in CCl,) 3390, 
1650, 1586 cm.. It gave an intensely violet solution in dilute aqueous sodium hydroxide, but 
only a yellow solution in concentrated sulphuric acid. An alcoholic solution became cherry-red 
when ferric chloride was added, and magenta slowly becoming ultramarine when diethyl 
malonate and ammonia were added. Attempts to methylate the compound gave intractable 
gums. 

(b) Lead tetra-acetate. To methyl O-methylnidulinate (1-8 g.) in acetic acid (140 ml.) was 
added lead tetra-acetate (1-5 g.). The mixture rapidly reddened, and after 24 hr. at 0° tests 
for quadrivalent lead were negative. Ether (150 ml.) and water (100 ml.) were added, and 
the organic layer was washed with water, dried (Na,SO,), and evaporated to a gum. When 
this was chromatographed on silica (2 x 40 cm.) from benzene—light petroleum (b. p. 40—60°) 
(1: 1), methyl dichloroeverninate (0-7 g.), m. p. and mixed m. p. 82—83°, was eluted first. 
Only traces of the chloroquinone were detected in later eluates. 

(c) Periodic acid. To methyl O-methylnidulinate (1-0 g.) in acetic acid (120 ml.) was added 
sodium metaperiodate (1 g.) in 60% acetic acid (120 ml.). When kept in the dark, the mixture 
became red and 12 hr. later was diluted with much water and extracted with ether. The 
ethereal solution was washed with water (6 x 200 ml.) and then shaken with portions of aqueous 
sodium hydrogen carbonate until the extracts were no longer coloured. The combined purple 
extracts were acidified with 2N-hydrochloric acid, and the semi-crystalline product was collected 
into ether, washed with water, dried (MgSO,), and recovered by evaporation. The residue 
was chromatographed from benzene-light petroleum (1:1) on silica. The eluate contained 
methyl dichloroeverninate (0-34 g.), m. p. and mixed m. p. 82—83°. The column was then 
developed with benzene-light petroleum (2:1), whereupon a yellow band appeared. The 
corresponding eluate, when evaporated, left a yellow gum which, when purified from light 
petroleum (b. p. 40—60°), afforded the chloroquinone in prisms (0-16 g.), m. p. and mixed m. p. 
141—142°, further identified with a specimen prepared as in (a) by its infrared absorption 
spectrum. i 

Degradation of the Chloroquinone to Tiglic Acid (with J. G. UNDERWooD).—The chloro- 
quinone (0-1 g.) was treated in N-sodium hydroxide (4-4 ml.) with 2-6% aqueous hydrogen 
peroxide (17-3 ml.). The deep purple colour of the mixture faded to straw-yellow in 20 min. 
2 Days later, acidification with concentrated hydrochloric acid (0-7 ml.) followed by extraction 
with ether (25 + 2 x 20 ml.) removed organic material. The combined extracts, having been 
washed with water (5 ml.), dried (Na,SO,), and evaporated, gave a residue which was kept 
in vacuo over potassium hydroxide for 2 hr. The remaining gum (ca. 20 mg.) at 60°/0-4 mm. 
afforded an acidic sublimate (ca. 3 mg.) consisting of stout prisms. Resublimed (55°/0-3 mm.), 
this product yielded prisms (1-5 mg.), m. p. 61-5—63-5° (Kofler block) or m. p. 62—64° after 
admixture with authentic tiglic acid of m. p. 63—64°, and having Amax (in H,O) 218 my (e 
10,860) [lit.,2* Amax, 216—217 my (e 10,700)]._ In a second run the chloroquinone (0-5 g.) was 
oxidised by alkaline 6% hydrogen peroxide for 4 days: the tiglic acid produced (4-5 mg.) was 
converted into the 4-bromophenacyl ester, m. p. 67°, not depressed on admixture with an 
authentic specimen. 

Degradation of Nidulin to the Dihydroxyquinone (VII; OH for Cl).—Nidulin (0-9 g.), acetic 
acid (15 ml.), and hydriodic acid (b. p. 126°; 9 ml.) were heated under reflux, in the dark, for 
5 hr. Water (9 ml.) was added, and the total volume was reduced to 6 ml. by evaporation 
in vacuo. Dilution with water then precipitated a brown gum which was dissolved in ether, 
washed with aqueous sodium hydrogen sulphite and then with water, dried (Na,SO,), and 
recovered by evaporation. A slow stream of air (free from carbon dioxide) was passed through 
a solution of 0-25 g. of the resulting crude resin in 2-5% methanolic potassium hydroxide (20 ml.) 
at the reflux temperature. After 4 hr. the methanol was removed under reduced pressure. 
Addition of water (5 ml.) and acidification with 2n-hydrochloric acid afforded a solid which 
was collected at the pump, washed with water, dried in air, and subjected to fractional sublim- 
ation at 120°/0-05 mm. The main fraction formed orange crystals (7 mg.) which, when purified 
from light petroleum (b. p. 60—80°), gave 2,5-dihydroxy-3-methyl-6-1’-methylpropenyl-1,4- 
benzoquinone in dull-red, slender prisms softening at 182° and melting at 198° (rapid heating) 
(Found: C, 63-5, 63-2; H, 6-2, 5-9; Cl, 0. C,,H,,O, requires C, 63-5; H, 5:8%). This com- 
pound gave a blue-violet solution in dilute aqueous alkali and a red-brown ferric reaction in 
3 Bueding, J. Biol. Chem., 1953, 202, 510. 
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alcohol, and had A,,, (in EtOH) 287 and 436 my (e 17,300, 249). 2,5-Dihydroxy-3-methyl-1,4- 
benzoquinone * has Apax (im EtOH) 288 and 410 my (e 20,600, 279). 

The same quinone was obtained when nidulin was attacked by hydrogen bromide and red 
phosphorus in acetic acid before being subjected to aerial oxidation in alkaline solution. 

Degradation of Nidulin and O-Methylisonidulin to Ethylmethylmalonic Acid.—Treatment of 
nidulin (0-9 g.) with hydriodic acid gave a yellow resin as described for the foregoing experiment. 
This resin was powdered, suspended in 64% sulphuric acid (60 ml.), and oxidised by being 
vigorously shaken at <20° (water-cooling) with a solution of sodium dichromate dihydrate 
(45 g.) in water (15 ml.), added portionwise. After 16 days with occasional shaking, the 
mixture no longer contained chromic acid and was filtered through glass wool and partially 
neutralised by the careful addition of 14% aqueous sodium hydroxide (210 ml.), the temperature 
being kept below 20°. A brown oil could then be isolated with ether, and when freed from 
acetic acid by being kept over potassium hydroxide in an evacuated vessel it formed a wax 
which was partially purified by being pressed on filter-paper to remove oil. When then 
crystallised from benzene-light petroleum (b. p. 60—80°) the product formed a colourless 
powder, m. p. 102—106°. Sublimation at 87°/0-1 mm. afforded prisms, m. p. 118—120°, which 
were washed with benzene and then with light petroleum (b. p. 60—80°). Resublimed, these 
gave ethylmethylmalonic acid in prisms (12 mg.), m. p. 122—123° [Found: C, 49-1; H, 6-8%; 
equiv. (titration), 75-1. Calc. for Cs,H,(CO,H),: C, 49-3; H, 6-9%; equiv. 73-1], which showed 
chromatographic behaviour ® identical with that of authentic material; Ry on Whatman 
No. 1 paper were (a) 0-26 in alcohol (80)—water (16)—ammonia (d 0-88, 4), (b) 0-61 in alcohol 
(80)-water (8)—pyridine (12), and (c) 0-53 in alcohol (80)—water (16)—morpholine (4). 

Similarly, O-methylisonidulin (0-2 g.) afforded ethylmethylmalonic acid (1-5 mg.), m. p. 
and mixed m. p. 121—122°. When the treatment with hydriodic acid was omitted, ethyl- 
methylmalonic acid could not be detected amongst the oxidation products from either O-methy]l- 
isonidulin or nidulinic acid. 

Dechlorodi-O-methylnorisonidulin.—Dechlorodi-O-methylnornidulin (0-2 g.) was heated at 
80° in acetic acid (3 ml.) containing nitric acid (d 1-4; 0-2 ml.) for4 min. Precipitated by the 
addition of water, the product was crystallised twice from methanol and then from 80% acetic 
acid, giving dechlorodi-O-methylnorisonidulin in thin prisms (93 mg.), m. p. 139-5—140-5°, 
Imax, 223, 260 my (log ¢ 4-63, 4-00) [Found: C, 59-3; H, 4-9; OMe, 15-0. C,.H,,Cl,0O,(OMe), 
requires C, 59-6; H, 4-7; OMe, 14-7%]. 
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940. The Biosynthesis of Phenols. Part II.* Asterric Acid, 
a Metabolic Product of Aspergillus terreus T'hom. 


By R. F. Curtis, C. H. HAssatt, D. W. Jones, and T. W. WILLIAMs. 


Asterric acid, C,,H,,0,, has been isolated from the culture fluid of 
Aspergillus terreus Thom. Degradation experiments lead to its formulation 
as (IVa). It has been synthesised from sulochrin by a route that probably 
simulates that involved in its biosynthesis. 





PARTICULAR strains of Aspergillus terreus Thom. produce the unusual chlorinated meta- 
bolites geodin (Ia), erdin 4 (II), and geodoxin ? (III). During examination of the metabolic 
products of a new strain of this species it was found that another metabolite which is 
related to these three compounds could be isolated. It was expected that the elucidation 
of the structure of this new product, which has been named asterric acid, would contribute 
to our understanding of the mode of biosynthesis of this group of phenolic compounds. 
Asterric acid, C,,H,,0,, behaved on titration as a monocarboxylic, phenolic acid. In 
accordance with this it yielded diacetyl and di-O-methy] derivatives of the acid and corre- 
sponding derivatives of the methyl ester. Zeisel estimations indicated two methoxyl 
groups in asterric acid. One of these was lost on hydrolysis with alkali which gave a 
dicarboxylic acid. From these facts it was evident that asterric acid contained two free 


OMe OMe 
(Ijaz R= Me, R'=H oA Me oA ite 
\ “ Rm ' ° i 
I)bt! R = R'=Me 
” Ro,c¢ ~° OR’ Meo,¢ °°? OH 
(iy) R= R'=H F (IIT) 
phenolic hydroxyl, one carboxyl, one methoxycarbonyl, and one methoxyl group. One 
oxygen atom remained undefined. Since it resisted catalytic hydrogenation at room 
temperature asterric acid evidently contained no ethylenic linkage. It failed to react 
with the usual carbonyl reagents. Kuhn—Roth estimation indicated a single C-methyl 
group. This evidence suggested that asterric acid might be a complex diphenyl ether 
related in structure to geodin and geodoxin. The ultraviolet absorption spectrum was in 
agreement with this possibility. 

Accordingly asterric acid was treated with sulphuric acid under conditions which had 
proved fruitful in our studies on dihydrogeodoxin.2 This gave a mixture of products 
from which, after methylation, trimethylnorgeodin A and B were isolated and identified 
by comparison with authentic material. The xanthone structures (Va) and (VIa) have 
been assigned to norgeodin A and norgeodin B respectively, and we have confirmed the 
structure (Va) for norgeodin A by showing that it can be synthesised by the interaction of 
2,3,5-trihydroxybenzoic acid and 3,5-dihydroxytoluene in the presence of zinc chloride and 
phosphorus oxychloride, a method known to give substitution in the 4-position of the 
3,5-dihydroxytoluene nucleus. 

These results established the relationship of asterric acid to geodin and, through this, 
largely defined the orientation of substituent groupings. The fact that the trimethyl- 
norgeodin A and B (Vb, VIb) were formed directly from methyl di-O-methylasterrate (IVb) 
confirmed the presence of a diphenyl] ether bridge in asterric acid itself and this was given 
additional support by the isolation of a further xanthone, presumably (Vc) by sublimation 
of the dicarboxylic acid ([Ve) obtained on alkaline hydrolysis of asterric acid. We were 


* The paper, J., 1959, 2831, is regarded as Part I. 


1 Barton and Scott, J., 1958, 1767. 
® Hassall and McMorris, J., 1959, 2831. 
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led by this evidence and the knowledge of the structures of geodin and geodoxin to regard 
(IVa) as likely for asterric acid. 

The orientation of substituents in this structure (IVa) is strikingly similar to that in 
sulochrin (VII), a metabolite of the fungus Oospora sulphurea-ochracea* This suggested 
that sulochrin might be a precursor of asterric acid. It appeared possible that it could be 
converted in vivo by intramolecular free-radical, oxidative coupling into 4-hydroxy-2’- 
methoxy-6’-methoxycarbonyl-6-methylgris-2’,5’-diene-3,4’-dione (VIII) which would under- 
go hydrolysis to asterric acid. 


R/ 


OMe 


Me Oo ° RO oO 
R”“O RO 
OR re) Me 


1 2 3 
ay COM R?0,C OR wv) ° v1) 


(IV)a: R' = Me; R?=R?=R*=H P 
- ple ate a? a 24 (V)azR = R'= R° =H 
(IV)b: Ro = R° = R° = R° = Me Z (VI)a: R =H 
ane aie (V)b: R = R’= R”= Me 
(IV)c: R' = R° =H; Ro =R =Me (V1) b: R = Me 


V)c:R = R” =H; R’=™M 
(v)d: R'=R2=Me; Ree Rt=eH = "?S ' 


(IV)e: R' = R?=R? = Rt =H 


This route has been followed in vitro. The first stage utilised oxidation of sulochrin 
with alkaline potassium ferricyanide, as a result of the observation 5 that geodin methyl 
ether (Ib) may be prepared in this way from the related 2,4’-dihydroxybenzophenone 
derivative. The product from sulochrin had properties expected for the spirocoumaran-3- 
one (VIII). The carbonyl frequencies in the infrared absorption spectrum correspond to 
those observed in geodin.1_ The reactive 1,4-dienone system accounts for the reaction with 


obo Pm = ALY 8 
1) 


CO,Me CO,Me 
(VII) (VIII) 


(X)az: R = Cl 
xX Boy ee i 
ee OMe pays R =H 
Bae Me 
(EX) (X) 


diazomethane to give a pyrazoline which probably has the constitution (IX), similar to that 
of the corresponding geodin derivative. Acid-catalysed hydrolysis of the spiran ester 
(VIII) gives a good yield of asterric acid. 

This synthesis confirms the structure (IVa) for asterric acid. It also favours the 
proposal that, in the natural process, the products sulochrin (VII), geodin (Ia), asterric 
acid (IVa) and geodoxin (III), are produced from one another in turn. It is assumed, in 
this scheme, that the chlorine atoms in geodin and geodoxin are introduced in secondary 
reactions. This would be analogous to the case of griseofulvin (Xa) where it has been 
shown that a bromo- (Xb) and a dechloro-analogue (Xc) are formed when the culture 

* Nishikawa, Acta Phytochim., Tokyo, 1939, 11, 167. 


* Curtis, Hassall, and Jones, Chem. and Ind., 1959, 1283. 
® Scott, Proc. Chem. Soc., 1958, 195. 
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medium of the fungus Penicillium griseofulvuum is modified. The conversion of asterric 
acid into an analogue of geodoxin would involve intramolecular oxidative coupling. Model 
reactions of this type have been achieved 1m vitro.’ 


EXPERIMENTAL 

M. p.s were determined by means of a Kofler block. Ultraviolet spectra were determined 
for EtOH solutions in a Beckmann spectrophotometer DU. Infrared spectra (for which we are 
grateful to Dr. S. M. Nagy, Massachusetts Institute of Technology, and Dr. H. E. Hallam and 
Mr. D. Jones, University College, Swansea) were measured for potassium bromide discs by 
using a double-beam Grubb—Parsons spectrometer. 

Isolation of Asterric Acid (I[Va).—The strain of Aspergillus terreus which was used in these 
experiments was obtained, by selection, from the mixture of variants produced when Aspergillus 
terreus Thom. (No. 45, L.T.C.C.) was allowed to grow at 30° for long periods on Czapek-Dox 
agar containing 2% of glucose. Slopes of the selected strain which had been growing for 
10 days were shaken with sterilised water, and the spore suspension was then used to inoculate 
sterile Czapek—Dox medium (Raistrick and Smith modification *) (approx. 200 ml.) in flat-sided 
bottles (approx. 1 1. capacity). These liquid cultures were allowed to grow at 28—30° for 
30 days. 

The dark brown culture fluid (8 1. batch) was separated from the mycelium. After adjust- 
ment to pH 6-6, suspended matter was removed by means of a Sharples supercentrifuge, and 
the fluid was stirred with activated charcoal (25 g.). After 30 min. the charcoal was removed 
by filtration and dried. The process was repeated with two further 25 g. portions of charcoal. 
The combined charcoal fractions were extracted with methanol (4 x 500 ml.). Evaporation 
gave a light brown powder (18 g.). 

The filtrate obtained when this powder (15-7 g.) was boiled with ethyl acetate (100 ml.) and 
filtered was allowed to crystallise in two fractions by adding light petroleum (b. p. 60—80°) in 
two portions (2 x 50 ml.). 

Fraction 1, yellow (1-63 g.; m. p. 188—202°), gave a chloroform-insoluble portion which was 
recrystallised from ethyl acetate-light petroleum to give (-+.)-erdin (II), pale yellow needles, 
m. p. 213° (decomp.), characterised as the (--)-pyrazoline derivative,! m. p. 157—158°, and as 
dihydroerdin,' m. p. 256°. 

Fraction 2, colourless crystals (9-29 g.; m. p. 196—204°), was recrystallised twice from ethyl 
acetate—light petroleum to give asterric acid (IVa), colourless needles (5-26 g.), m. p. 209—210° 
(decomp.) [Found: C, 59-1; H, 4-7; C-Me, 4-7; OMe, 17-°9%; M (Rast), 333; equiv., 360. 
C,,H,,O, requires C, 58-6; H, 4-6; 1C-Me, 4-3; 20Me, 17-89%; M and equiv. (monobasic acid), 
348], [a], 0° (c 2-74 in acetone), Amar 250, 317 my (log ¢ 4-0; 3-83). The infrared spectrum 
showed bands at 1686 (methoxycarbonyl) and 1653 cm.*} (o-hydroxyphenyl-CO,H). 

Asterric acid gave a purple ferric chloride reaction, coupled with diazotised sulphanilic acid, 
and gave a positive Gibbs reaction. No uptake of hydrogen occurred with palladium-—charcoal 
at room temperature and pressure during 2 hr., and there was no reaction with 2,4-dinitro- 
phenylhydrazine. 

With acetic anhydride—pyridine at room temperature in 2 days it gave a diacetyl derivative 
which recrystallised from ethyl acetate-light petroleum (b. p. 60—80°) as colourless prisms, 
m. p. 147—148° [Found: C, 58-4; H, 4-6; O, 36-8; OMe, 14-3; Ac, 18-9, 19-4%; equiv., 403. 
CyyH O19 requires C, 58-3; H, 4:7; O, 37-0; 20Me, 14-35; 2Ac, 19-9%; equiv. (for a mono- 
basic acid), 432], Amex, 295 my (log ¢ 3-71). 

Methyl Di-O-methylasterrate ([Vb).—Asterric acid (200 mg.) in methanol (50 ml.) with excess 
of diazomethane in ether gave, after 2 days, methyl di-O-methylasterrate (IVb) (224 mg.), m. p. 

136—140°. It recrystallised from ethyl acetate—light petroleum (b. p. 60—80°) as short rods, 
m. p. 148—149° [Found: C, 61-9; H, 5-5; O, 32-8; OMe, 40-4%; M (Rast), 378. C,)H,,0, 
requires C, 61-5; H, 5-7; O, 32-8; 50Me, 39-7%; M, 390], Amax 285, 307 my (log ¢ 3-6, 3-68). 
The infrared spectrum showed no hydroxyl absorption and the compound gave no colour with 
ferric chloride. With dimethyl sulphate in acetone-sodium hydroxide it gave identical 
material. 

® Macmillan, J., 1954, 2585. 

7 Hassall and Lewis, unpublished work. 

* Raistrick and Smith, Biochem. J., 1936, 30, 1315. 
® King, King, and Manning, /J., 1957, 563. 
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The foregoing methyl] ester (150 mg.) was boiled with 50% methanolic 2n-sodium hydroxide 
for 4hr. Working up gave the corresponding dicarboxylic acid (IVc) (108 mg.), prisms [from 
ethyl acetate—light petroleum (b. p. 60—80°)], m. p. 208—209° [Found: C, 59-2; H, 5-0; O, 
36-5; OMe, 27-3%; M (Rast), 387; equiv., 185. C,,H,,O, requires C, 59-7; H, 5-0; O, 35-3; 
30Me, 25-7%; M, 362; equiv. (for a dibasic acid), 181], Amax, 297 my (log € 3-68). 

Methyl Asterrate (IVd).—Asterric acid (100 mg.) was suspended in dry ether (6 ml.) and 
treated with excess of diazomethane. After the solid had dissolved the mixture was set aside 
for 10min. Evaporation gave the methyl ester (IVd) (104 mg.), m. p. 176—180°; it recrystallised 
from ethyl acetate—light petroleum as rods, m. p. 185—186° (Found: C, 59-8; H, 5-1; O, 34:8; 
OMe, 25:3. C,,H,,O, requires C, 59-7; H, 5-0; O, 35-3; 3-OMe, 25-7%), Amex. 251, 317 mu 
(log ¢ 4:16, 3-90). The infrared spectrum showed maxima at 3413 (OH), 1698 (aromatic 
CO,Me), and 1653 cm.* (o-hydroxyphenyl-CO,Me). 

Hydrolysis of Asterric Acid.—Asterric acid (200 mg.) was heated with 0-5nN-sodium hydroxide 
(10 ml.) for 45 min. Acidification gave the corresponding dicarboxylic acid (I[Ve) (196 mg.), 
m. p. 209°, that recrystallised from ethyl acetate—light petroleum (b. p. 60—80°) as colourless 
needles, m. p. 246° [Found: C, 57-8; H, 4:3; O, 37-7; OMe, 9:2%; equiv., 155. C,,H,,O, 
requires C, 57-5; H, 4-2; O, 38:3; 1OMe, 9-2%; equiv. (for a dibasic acid), 167], Amz 310 my 
log ¢ 3-98). 

DT ieccteriation with excess of ethereal diazomethane gave methyl di-O-methylasterrate (IVb), 
m. p. 149—150°, not depressed by authentic material. 

Monomethylnorgeodin A (Vc).—The foregoing dicarboxylic acid (IVe) (30 mg.) was heated at 
230° in a high vacuum. A yellow sublimate (10 mg.) was obtained. Recrystallisation from 
aqueous ethanol gave methylnorgeodin A (6 mg.) as yellow needles, m. p. 300° (decomp.) 
(Found: C, 65-8; H, 45; O, 29-3. C,,H,,0; requires C, 66-2; H, 4-4; O, 29-4%), Amax 263, 
295, 325, 390 muy (log e 4-80, 4-06, 3-84, 3-92). The infrared spectrum showed bands at 1650 
(xanthone-carbonyl), 1621 and 1587 cm. (aromatic C=C). The compound gave a dark green 
colour with ethanolic ferric chloride. 

Trimethylnorgeodin A (Vb) and B (VIb).—(a) From erdin (II). The crude mixture of 
norgeodins obtained from erdin and asterric acid could not be purified by fractional crystallis- 
ation as described by Calam e¢ a/.4° As a result, the compounds were isolated as their methyl 
derivatives. 

Erdin (117 mg.) was heated with hydriodic acid (d 1-7; 2 ml.) for 30 min.; the mixture was 
cooled and diluted with water (1 ml.). The crude precipitate (66 mg.) was treated in acetone 
with dimethyl sulphate and sodium hydroxide (8%) in the usual way. The pale yellow product 
was collected, dissolved in benzene (100 ml.), and passed down a column of acid-washed alumina. 
The first band (visible in ultraviolet light) obtained by elution with benzene (125 ml.) gave 
trimethylnorgeodin B (52 mg.), m. p. 203—205°, that recrystallised from ethyl acetate-light 
petroleum (b. p. 60—80°) as colourless needles, m. p. 208—209° (Calam et al.!° record m. p. 
198—199°) (Found: C, 68-2; H, 5-5; O, 26-6; OMe, 30-9; C-Me, 4-85. Calc. for C,,H,,0,: 
C, 68-0; H, 5-4; O, 26-6; 30Me, 31-0; 1C-Me, 50%), Amex, 257, 284, 307, 365 my (log ¢ 4:5, 
4-22, 4-08, 3-7). The infrared spectrum showed bands at 1645 (xanthone-carbonyl), 1610 and 
1575 cm." (aromatic C=C) with no hydroxyl absorption. There was no colour with ferric 
chloride. 

Further elution (300 ml.) gave trimethylnorgeodin A (17 mg.), m. p. 228°, that recrystallised 
from ethyl acetate-light petroleum (b. p. 60—80°) as pale yellow rods, m. p. 228—229° (Calam 
et al. record m. p. 216—217°) (Found: C, 67-5; H, 5-4; OMe, 30-3; C-Me, 5-1. Calc. for 
C,,H,,O;: C, 68-0; H, 5-4; 30Me, 31-0; 1C-Me, 5-0%); Amax, 258, 292, 305, 366 my (log e 4-57, 
3-79, 3-7, 3-64). The infrared spectrum showed bands at 1646 (xanthone carbonyl), 1609 and 
1575 cm.-! (aromatic C=C) with no hydroxyl absorption. There was no colour with ferric 
chloride. 

(b) From asterric acid (IVa). Asterric acid (100 mg.), treated with hydriodic acid as for 
(+)-erdin, gave trimethylnorgeodin B (61 mg.), m. p. 208°, and A (15 mg.), m. p. 228—229°. 

(c) From methyl di-O-methyl asterrate (TVb). Methyl di-O-methylasterrate (100 mg.) with 
65% sulphuric acid (3 ml.) at 150° gave a similar yield of trimethylnorgeodin A and B. The 
samples of trimethylnorgeodin A and B which were prepared by the three procedures were 
shown to be identical by infrared absorption spectra and mixed m. p. determinations. 





” Calam, Clutterbuck, Oxford, and Raistrick, Biochem. ]., 1947, 41, 458. 
7R 
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Synthesis of Trimethylnorgeodin A (Vb).—2,3,5-Trihydroxybenzoic acid ™ (1-4 g.), orcinol 
(1-7 g.), freshly fused zinc chloride (5 g.), and phosphorus oxychloride (11 ml.) were heated at 
70° for 2 hr. according to the general procedure of Grover, Shah, and Shah.!* The cooled 
product was poured into water and extracted with ether (3 x 50 ml.) which was washed with 
sodium hydrogen carbonate solution, dried, and evaporated to give a yellow oil (1-4 g.)._ This 
crystallised from aqueous ethanol to give norgeodin A (47 mg.), pale yellow needles, m. p. 305° 
(decomp.) (Calam e¢ al.!° give m. p. 305°). 

With dimethyl sulphate and alkali in the usual way it gave trimethylnorgeodin A, m. p. 
228—229° with no depression on mixed m. p. with the samples already described. Infrared and 
ultraviolet spectra were identical. 

4-Hydroxy-2’-methoxy-6’-methoxycarbonyl-6-methylgris-2’,5’-dien-3,4’-dione (VIII).—4,2’,5’- 
Trihydroxy-2-methoxy-5-methoxycarbonyl-4’-methylbenzophenone (VII) (sulochrin) (1-0 g)), 
which had been prepared from the culture fluid of Oospora sulphurea-ochracea,® was dissolved in 
de-aerated water (60 ml.) containing sodium carbonate (2-5 g.). The solution was cooled to 0° 
and potassium ferricyanide (3 g.) in water (80 ml.) was added with vigorous stirring under 
nitrogen during 30 min. After a further 30 min., the yellow solution was acidified with 4n- 
hydrochloric acid and shaken with ether. The ether extract was evaporated to give a light, 
brown solid, which was purified by chromatography in benzene on acid-washed, deactivated 
alumina. From the benzene eluate (2-5 1.), an amorphous solid (400 mg.) was obtained, having 
m. p. 173—180°. Repeated recrystallisation from benzene—light petroleum (b. p. 60—80°) 
gave 4-hydroxy-2’-methoxy-6’-methoxycarbonyl-6-methylgris-2’ ,5’-dien-3,4’-dione (VIII) as very 
pale yellow prisms (200 mg.), m. p. 189—191° [Found: C, 61-9; H, 4-2; O, 34-0; OMe, 17-0%; 
M (Rast), 341. C,,H,,O, requires C, 61-8; H, 4:3; O, 33-9; 20Me, 18-8%; M, 330], Amy 
284 muy (log ¢ 4-2). Infrared maxima were at 1739 (C=O in spirocoumaran), 1709 (methoxy- 
carbonyl), 1656 (1,4-dienone), and 1623 cm. (enone). The compound gave a green colour 
with ferric chloride. 

(a) Pyrazoline derivative (IX). The foregoing dienone (40 mg.) in dioxan (5 ml.) was treated 
with excess of ethereal diazomethane and kept at 0° for 48 hr. Evaporation and recrystallis- 
ation from aqueous methanol gave the pyrazoline derivative. (IX) as colourless plates (10 mg.), 
m. p. 235—240° (decomp.) (Found: C, 59-4; H, 4-7; O, 28-5; N, 6-8. C,gH,,N,O, requires 
C, 59-1; H, 4-7; O, 29-0; N, 7-25%), Amax, 275, 330 my (log ¢ 4-10; 3-43). 

(b) Action of sulphuric acid. The dienone (50 mg.) was dissolved in 65% sulphuric acid 
(3 ml.) and set aside for 5 min. Dilution with water (7 ml.) gave a solid which crystallised from 
ethyl acetate—light petroleum (b. p. 60—80°) to give asterric acid (IVa) (33 mg.), m. p. and 
mixed m. p. 209—210°. The ultraviolet and infrared spectra of the synthetic and the natural 
asterric acid were identical. 


We thank the Department of Scientific and Industrial Research for a maintenance allowance 
(to D. W. J.) and Mr. J. M. Klitz for the isolation of sulochrin. 
DEPARTMENT OF CHEMISTRY, UNIVERSITY COLLEGE, SWANSEA. (Received, May 20th, 1960.] 


11 Corbett, Hassall, Johnson, and Todd, J., 1950, 1. 
12 Grover, Shah, and Shah, /., 1955, 3982. 





941. Trinitrosylcarbonylmanganese.* 
By C. G. BARRACLOoUGH and J. Lewis. 


The preparations of trinitrosylcarbonylmanganese and triphenylphos- 
phinetrinitrosylmanganese are reported. The infrared spectra and physical 
properties of the compounds are given, and factors which may influence the 
relative stability of the nitrosyl carbonyls of manganese are discussed. 


NITRIC OXIDE, in forming complexes with transition elements, in the majority of cases, 
may formally be considered to donate three electrons, 7.¢., to co-ordinate essentially as 
the nitrosonium ion.1 Therefore, in the formation of a nitrosyl-carbonyl complex from 


1 Addison and Lewis, Quart. Rev., 1955, 9, 115; Lewis, Sci. Prog., 1959, 47, 187, 506. 
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a carbonyl, two nitric oxide groups replace three carbon monoxide molecules. In the 
case of manganese carbonyl, Mn,(CO),9, there are two possible monomeric nitrosyl deriv- 
atives, in which the inert-gas configuration of the metal is still maintained, viz., Mn(NO)(CO), 
and Mn(NO),(CO). The latter is a member of the pseudo-nickel carbonyl series Ni(CO),, 
Co(NO)(CO)3, Fe(NO),(CO),, Mn(CO)(NO) 3, Cr(NO),, and the former would be the first 
nitrosyl derivative of a pseudo-iron carbonyl series. In the pseudo-nickel carbonyl series, 
the iron and cobalt nitrosyl carbonyls have been known for a considerable time. We 
report here the preparation of the manganese analogue of this series. 

Discussion.—We attempted to prepare the nitrosylcarbonylmanganese by direct 
reaction of nitric oxide with manganese carbonyl in the solid state and in solution in inert 
solvents. Nitric oxide was also heated with manganese carbonyl in sealed tubes (2 atm.) 
to 50°. In no case was any nitrosyl of manganese detected. Nitric oxide and nitrosyl 
chloride were also treated with sodium pentacarbonylmanganese in tetrahydrofuran: 
although sodium chloride was precipitated, no nitrosyl-carbonyl of manganese was detected 
in either the solution or the solid obtained on evaporation. However, reaction of nitric 
oxide with pentacarbonylmanganese iodide or bis(tetracarbonylmanganese iodide) yielded 
agreen vapour that condensed in a carbon dioxide trap to a green solid. This compound 
was purified by fractional distillation, to give a green solid, m. p. 27°. 

The green solid gave analyses corresponding to Mn(NO),CO, and it is the manganese 
member of the pseudo-nickel carbonyl series. As with the corresponding nitrosyls of 
iron and cobalt, the compound is very readily oxidized by air, the rate of oxidation in- 
creasing in the series Co << Fe < Mn. 

The infrared spectrum of the compound, in cyclohexane, shows strong bands at 2088, 
1823, and 1734 cm.?. The complex would be expected to have essentially a tetrahedral 
structure involving sf* hybrid bonds, and such a molecule with C,, symmetry would give 
rise to one infrared-active carbon monoxide stretching frequency and two infrared-active 
nitric oxide stretching frequencies. The nitric oxide stretching frequencies at 1823 and 
1734 cm. are very similar to those observed in the compounds Fe(NO),Cl (1826, 1763 
cm.) 2 and Fe(NO*),(NO-) (1810, 1730 cm.-).3 

The yield of product from the above reactions was very low, and it was not possible 
to carry out molecular-weight and magnetic measurements on the complex; however, the 
compound was shown to be a non-conductor in nitrobenzene solution, and in order to 
establish the general nature of the manganese nitrosyl compound more closely we have 
prepared the triphenylphosphine derivative. Malatesta and Araneo* noted that in the 
case of the nitrosyl carbonyls of iron and cobalt, one and sometimes two of the carbon 
monoxide groups can be replaced by triphenylphosphine and other Group V donor ligands, 
to give compounds appreciably more stable than the parent compounds. Triphenyl- 
phosphine reacted with the trinitrosylcarbonylmanganese in benzene with the evolution 
of carbon monoxide, and dark green crystals were isolated from the solution which analysis 
showed to be Mn(NO),PPh,. The same compound was also prepared by reaction of 
nitric oxide with triphenylphosphinetetracarbonylmanganese in p-xylene at 100°. The 
complex was monomeric in benzene, a non-electrolyte in nitrobenzene, and diamagnetic, 
agreeing with the formulation of the parent nitrosylcarbonyl as a monomer with an inert- 
gas configuration, Mn(NO),(CO). The phosphine-nitrosyl complex showed two infrared- 
active NO stretching frequencies, as required for a pseudo-tetrahedral molecule, at 1781 
and 1688 cm.+. The lowering of the frequencies from those observed in the carbonyl- 
nitrosyl, is similar to that observed in the nitrosylcarbonyl cobalt substituted compounds, 
where the NO stretching frequency is lowered from 1832 for the parent compound to 1750— 


* For preliminary note, see Proc. Chem. Soc., 1960, 81. 


? Hieber and Jahn, Z. Naturforsch., 1958, 18b, 196. 
* Griffith, Lewis, and Wilkinson, J., 1958, 3993. 
* Malatesta and Araneo, J., 1957, 3803. 
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1760 cm.+ for the phosphorus-, arsenic-, and antimony-substituted complexes.5 This 
lowering may be associated with the decrease in the ~-bonding capacity of the metal-~ 
Group V donor systems, compared with carbon monoxide, with the resultant increase in 
the x-bonding between the metal and the nitrogen of the nitrosyl group. 

Manganese is the first carbonyl studied where it is possible to have more than one 
monomeric neutral nitrosylcarbonyl derivative. If the nitrosyl-carbonyls followed the 
same stability sequence as found with the hydrides, HCo(CO),, H,Fe(CO),, HMn(CO),§ 
we would have expected the mononitrosyl-carbonyl Mn(CO),NO to be a stable species, 
However, recent work on the hydrides implies that the hydrogen is embedded in a d-orbital 
of the metal,’ whereas the stability of nitrosyls seems closely associated with the x-bonding 
capacity of the metal-nitrogen system. In the mononitrosyl compound, if the NO group 
is considered to contribute three electrons, the manganese may be considered to have a 
formal valency of (—1), whereas in the trinitrosylcarbonyl the formal valency would be 
(—111). The degree of x-bonding in a metal—nitrogen bond will depend on (i) the stereo- 
chemistry of the metal, (ii) the electronegativity of the metal, and (iii) the x-bonding 
capacity of the other ligands present. 

These effects may be considered for members of the pseudo-nickel carbonyl series. In 
this case the stereochemistry of the complexes is the same, but the formal charges, and 
hence the electronegativity, of the metal varies, being Ni(0), Co(—1), Fe(—11), Mn(—1). 
The CO and NO infrared stretching frequencies of these compounds are given in the Table. 


Compound Ni(CO),? Co(CO),(NO)? Fe(CO),(NO),* Mn(CO)(NO),? 
CO stretching frequency (cm.“') 2128 (Raman) 2047 2083 2088 
2057 2011 2034 
NO stretching frequency (cm.~') 1822 1810 1823 
' 1766 1734 

Force const. (10° dynes/cm.) 

CUED dhivdesstheducnasdevdebiceesesesssse 17-4 16-5 17-1 17-6 

DUN, eo eceiin ctnancddiiuiltwpciecioanidane -~ 14-6 14-1 13-7 

SEITE ck ssvgtanwisoradecscnses 0-3 0-2 0-4 

PE Scsccnsicosscnascesctess 0-3 0-2 0-3 

PO fackidantatsiscocesacees 0-3 0-5 


1 See Cotton, ‘‘ Modern Co-ordination Chemistry,” Interscience Publ. Inc., New York, 1960, p. 
335. * Measured in dilute solution of cyclohexane. 


Only approximate values of the force constants are listed, as these were computed from 
only the CO and NO stretching frequencies. In the case of nickel carbonyl the calculated 
constants agree favourably with those of Jones, Koo = 17:3 x 10° dyne/cm. and 
Koo-nioo = 0°23 x 10° dyne/cm., which were determined from more complete data. It 
appears from these results that there is no major change in the CO and NO force constants 
in the complexes. However, the force constant for the NO group seems slightly lower 
than forthe CO group. In the nitrosyl carbonyls, the NO force constant appears to decrease 
with increasing number of NO groups, while the CO force constant appears to increase as 
the number of NO groups increases. In this series of compounds we are varying both 
the electronegativity of the metal and the nature of the groups present, and the decrease 
in the electronegativity of the metal may be offset by the increase in the number of nitric 
oxide groups in the complex, which from these data appears to be a slightly better x- 
bonding ligand than carbon monoxide. 

In the case of the complexes K,{[Fe(CN);NO], K,[Mn(CN);NO], and K,[V(CN),NO] 
both the stereochemistry of the metal ion and the nature and number of the groups present 
remain constant. In this case we may then consider only the effect of the electronegativity 
of the metal. The formal valencies of the metals in these compounds are Fe(11), Mn(I), 

5 Lewis, Irving, and Wilkinson, J. Inorg. Nuclear Chem., 1958, '7, 32. 

* Moeller, “‘ Inorganic Chemistry,’’ John Wiley and Sons, New York, 1952, p. 705. 

7 Cotton, J. Amer. Chem. Soc., 1958, 80, 4425; Bishop, Down, Emtage, Richards, and Wilkinson, 


J. 1959, 2484. 
% Jones, J. Chem. Phys., 1958, 28, 1215. 
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and V(—1). If the NO stretching frequency is taken as indicative of the degree of x- 
bonding in the metal-nitrogen bond, then, as the stretching frequencies »* are 1937; 1730, 
and 1575 cm. for the series of compounds, the degree of x-bonding increases in the expected 
order of decreasing electronegativity of the metal, Fe << Mn < V. 

On the basis of electronegativity arguments, we would thus expect trinitrosylcarbonyl- 
manganese to be more stable than nitrosyltetracarbonylmanganese. This, of course, 
assumes that the major factor in governing the stability is x-bonding. Any decrease in 
the electronegativity of the metal, although favouring x-bonding, will tend to reduce the 
o-bond strength of the metal-ligand bond. In the case of nitric oxide and carbon monoxide, 
it is probable, however, that x-bonding is more important than o-bonding; but in a con- 
sideration of metal—nitrosyl complexes containing other groups where o-bonding may be 
important, the stability may follow a different pattern of behaviour. 

The two possible nitrosyl-carbonyl complexes of manganese also differ in their stereo- 
chemistry; if it is assumed that the orbital energies do not differ significantly in the various 
stereochemical arrangements, then this will influence the x-bonding in the metal ligand 
bonds. Thus for the mononitrosyl, Mn(CO),NO, there would be five groups competing 
for the four available filled d-orbitals, whereas in the tetrahedral trinitrosylcarbonyl- 
manganese there would be four groups competing for five filled d-orbitals (see refs. 10, 11). 
If we assume that the NO and the CO group have similar orders of x-bonding capacity, 
there would obviously be a greater x-bond contribution for each group in the trinitrosyl- 
carbonylmanganese. Thus from both electronegativity and stereochemical considerations 
we would expect the contribution of x-bonding to be higher in the trinitrosyl- than the 
mononitrosylcarbonyl-manganese. We have attempted to prepare derivatives of the 
mononitrosylcarbonylmanganese, by reactions such as that of nitric oxide with tri- 
carbonyl-(0-phenylenebisdimethylarsine)manganese; no replacement of carbon monoxide 
occurred up to the decomposition temperature of the complex. However, it is difficult to 
differentiate in such cases between thermodynamic stability and kinetic reactivity. 


EXPERIMENTAL 


Trinitrosylcarbonylmanganese.—Nitric oxide was allowed to react with pentacarbonyl- 
manganese iodide (1 g.) or bis(tetracarbonylmanganese iodide) (1 g.) at 90—100° under nitrogen. 
A rapid reaction ensued, with production of a white solid suspended in a green vapour. The 
white solid separated immediately outside the reaction zone. The green vapour was condensed 
in a carbon dioxide—acetone trap, and was purified by vacuum-distillation into a second trap 
(yield 20—30 mg.). The green crystalline product melted without decomposition at 27° (Found: 
Mn, 30-8; N, 23-5. CMnN,O, requires Mn, 31-8; N, 24:3%); thermal decomposition occurs 
in vacuo at 60°. It is rapidly oxidized by air, and is decomposed by water. 

Triphenylphosphinetrinitrosylcarbonylmanganese.—(a) Triphenylphosphine (40 mg.) was 
dissolved in benzene, and trinitrosylcarbonylmanganese (20 mg.) added. The solution was 
stored at room temperature for 24 hr., a slow evolution of carbon monoxide occurring; methanol 
(3 ml.) was added, and the solution concentrated under vacuum until green crystals separated. 
The compound (15 mg.) recrystallized from methanol. All initial operations were carried out 
in nitrogen, but the recrystallization was carried out in air. 

(6) Triphenylphosphinetetracarbonylmanganese was prepared by Hieber and Freyer’s 
method.4* The triphenylphosphinetetracarbonyl (0-2 g.) was dissolved in p-xylene (20 ml.), 
the solution heated under reflux to 100°, and a stream of nitric oxide passed through the solution 
for 2 hr. The colour gradually changed from orange to brown-green. The solution was 
cooled to room temperature, filtered, and evaporated ina vacuum. The residue was extracted 
with methanol (4 x 5 ml.), and the extracts were concentrated under a vacuum, to yield green 
crystals, which were recrystallized from methanol (yield 0-1 g.). 

The crystals are stable in air, and melt at 119° (decomp.). The compound is diamagnetic, 

* Griffith, Lewis, and Wilkinson, J., 1959, 1632. 

1° Cotton and Goodgame, J. Amer. Chem. Soc., in the press. 


1 Kimball, J. Chem. Phys., 1940, 8, 188. 
18 Hieber and Freyer, Chem. Ber., 1959, 92, 1765. 
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and a non-conductor in nitrobenzene (a 0-001m-solution gave an equivalent conductance of 0-1 
ohm™) (Found: Mn, 13-4; N, 9-9; P,7-0%; M (in benzene, isopiestic), 396. C,,H,,MnN,0,P 
requires Mn, 13-5; N, 10-3; P, 7-6%; M, 407]. 

Infraved Spectra.—These were recorded on a Grubb-Parsons G.S.2A double-beam spectro- 
meter. 


We thank the University of Melbourne for a scholarship (to C. G. B.). 


WILLIAM RAMSAY AND RALPH ForSTER LABORATORIES, 
UNIVERSITY COLLEGE, 
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942. The Formation and Photochemical Oxidation of Uranium(tiv) 
Citrate Complexes. 


By A. Apams and T. D. Smit. 


The behaviour of uranium(Iv) in the presence of citric acid has been 
studied, and the stability constant of the complex formed measured over a 
pH range. The stability constants measured illustrate the effect of 
hydrolysis of the uranium(Iv). The photochemical oxidation of uranium(Iv) 
citrate by oxygen has been studied and compared with that of uranium(rv) 
tartrate obtained in the presence of tartaric acid. 


No quantitative study of the complex of citrate with uranium(Iv) has been made, although 
that of the uranyl ion has been widely investigated. Newman e¢ al. postulated the uranyl 
citrate 1 : 1 complex as a dimer, but Heitner and Bobtelsky 2 state that at pH 7 the uranyl 
citrate complex is a monomer, and a value of 8-5 for log K}{qr, of the complex was recently 
reported by Li e¢ al.3 : 

It has long been known that the urany] ion is active in various photochemical reductions. 
In Heidt and Moon’s work £ on the photochemical reduction of uranyl ion in the presence 
of sugars, the existence of uranium(v) in solution was discovered. This uranium(v) then 
disproportionated by a thermal reaction into uranium(v1) and uranium(Iv). Evidence has 
been presented to indicate that uranium(tIv) salt solutions are more rapidly oxidised by 
oxygen when illuminated than when allowed to oxidise by thermal dark reaction,5 and 
Heal and Thomas have shown that uranium(v) is formed by a light-accelerated reaction of 
uranium(v1) and uranium(rv). 


EXPERIMENTAL 


Spectra were measured with a Unicam S.P. 500 spectrophotometer. Solutions of uranium- 
(tv) were prepared as previously described, and a constant ionic strength of 0-1m-sodium 
perchlorate was maintained.’ The stability constant of the uranium(Iv) citrate complex was 
calculated from optical-density measurements at 6700 A, with a small correction for the 
uranium(iv) absorption. The pH measurements were made by using a Pye pH meter, the 
solutions being kept under nitrogen and at 20° + 0-1°. Reagents were of ‘‘ AnalaR ”’ quality 
where available. 

For irradiation of the uranium complex solutions a 150 w tungsten lamp was held at ~20 cm. 
from the solutions, which were kept at room temperature. The solutions were contained in a 
thin-walled glass vessel and subjected to a stream of oxygen or nitrogen which was dispersed in 
the solutions by a glass sinter. 


1 Newman, Havill, and Feldman, J. Amer. Chem. Soc., 1951, 73, 3593. 

? Heitner and Bobtelsky, Bull. Soc. chim. France, 1954, 356. 

* Li, Lindenbaum, and White, J. Inorg. Nucl. Chem., 1959, 12, 122. 

* Heidt and Moon, J]. Amer. Chem. Soc., 1953, 75, 5803. 

5 Ushatskii and Tolmachev, Trudy Radierogo. Inst. im V.G. Khlopina Kimi Geokim., 1956, 7, 98; 
Chem. Abs., 1957, 51, 17,467a. 
* Heal and Thomas, Trans. Faraday Soc., 1949, 45, 11. 
7 Smith, J. Inorg. Nucl. Chem., 1959, 11, 314. 
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Results.—Addition of citric acid to solutions containing uranium(rv) at low pH’s results in 
formation of the uranium(rv) chelate of citric acid. By quantitative observation of changes in 
the absorption spectra the stability constant of the chelate may be deduced. Evaluation of 
the stability constant involves a knowledge of the dissociation constants of citric acids, and 
values appropriate to this determination were those used by Warner and Weber.® The 
appropriate molar extinction coefficients were determined at 670 mu, where the complex and 
uranium(1v) obeyed Beer’s law. The stability constants of the uranium(Iv) citrate complex 
were measured over a pH range 1-50—4-50. All solutions were prepared from stock solutions 
and absorptions were recorded immediately after the solutions were mixed. The results 
obtained, shown in the Table, are calculated on the basis that a 1: 1 complex is formed and 
that the three carboxylic groups are ionised. 


jae ieee U(rv) 

citrate U(Iv ci e 
pH Seomateal (HL*-} log Kis, pH (mmoles/1.) [HL*-} log Ki. 
1-50 2-99 2-01 2-77 x 107% 9-72 2-90 3-87 1-13 2-29 x 10°6 6-17 
1-60 2-97 2-03 5-46 x 107° 9-43 3-00 3-99 1-01 4-01 x 10° 5-99 
1:70 3-01 1-99 1-08 x 10° 9-15 3-20 4:24 0-66 1-22 x 10°5 5-72 
1-80 3-05 1-95 2-12 x 10° 8-87 3-40 4-39 0-61 3-20 x 10°5 5:35 
1-90 3-10 1-90 4:16 x 10° 8-59 3-60 4-50 0-50 8-13 x 10°5 5-04 
2-00 3-14 1-86 8-12 x 10° 8-32 3-80 4-57 0-43 2-65 x 10-4 4-60 
2-20 3-23 1-77 2-22 x 10° 7-91 3-90 4-61 0-39 2-89 x 10-4 4-61 
2-40 3:34 1-66 1-38 x 10° 7-16 4:00 4-67 0-33 7-80 x 10-4 4-52 
2-60 3-49 1-51 3-87 x 10° 6-78 4:30 4-76 0-24 7-80 x 10-4 4-40 
270 3-62 1:38 7-14 x 107 6-57 440 480 020 176x 10% 415. 
2-80 3-72 1-28 1-31 x 10°° 6-34 4-50 4-81 0-19 2-32 x 10° 3-93 


At pH’s above 7-5 the uranium(tv) citrate solution darkened, and if stored for a few days in 
the dark formed a black solution of colloidal uranium(tv) hydroxide stabilised by the presence 
of the citric acid. 

It was established that a uranium(tv) citrate solution at pH 4-5 irradiated by a tungsten 
lamp and exposed to oxygen became oxidised. These changes were followed spectrophoto- 
chemically and are illustrated in Fig. 1. The reduction of the peak at 665 my indicates the 
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Fic.1. Irradiation of a5-0 x 10-*m-solution 
of uranium(tv) citrate at pH 5-0 con- 
taining 7-5 x 10-°M-citrate; 4 cm. cell. 
(A) Before irradiation; (B) after 24 hr.; 
(C) after 144 hr. 
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decrease in the concentration of uranium(rv) citrate. Curve B indicates that the most 
significant changes occur within 24 hr. of the commencement of irradiation. However, in the 
region 370—400 my a high absorption occurs which cannot be explained in terms of an 
absorption by single uranium(rv) or uranium(v1) species. Irradiation of a uranium(vi) citrate 
solution in the absence of oxygen fesulted in complete reduction to uranium(rv) citrate, but 
reduction was only partial if a similar solution was irradiated in a stream of oxygen (as shown by 
Fig. 2) and the resulting yellow solution did not yield simple uranyl ions upon addition of acid. 
* Warner and Weber, J. Amer. Chem. Soc., 1953, 75, 5086. 
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A possible explanation is that the uranium(vi) present in these solutions underwent a photo- 
chemical hydrolysis to polymeric forms not easily decomposed by acids. 


Or 
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Fic. 2. Irradiation of a 5-0 x 10-u- 
solution of uranium(vi) citrate at pH 
5-0 containing 7-5 x 10-*m-citrate; 4 cm. 
cell. (A) Before irradiation, (B) after 24 
hr.; (C) after 48 hr.; (D) after 120 hr. 


Optica/ density 
° 
4A 








600 700 800 
Wavelength(mp) 


1o 


° 
@ 


° 
o 


Fic. 3. Irradiation of a 5-0 x 10-°m-solu- 
tion of uvanium(tIv) tartrate at pH 5-0 
containing 7-5 x 10-*M-tarivaie; 4 cm. 
cell. (A) Before irradiation, (B) after 24 
hr.; (C) after 48 hr.; (D) after 144 hr. 
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Fic. 4. Irradiation of a 5-0 x 10%m- 
solution of uvanium(v1) tartrate at pH 
5-0 containing 7-5 x 10-°M -tartraie; 
4cm. cell. (A) Before irradiation, (B) 
after 24 hr.; (C) after 48 hr.; (D) after 
120 hr. 


Optica/ density 
o° 9 
a a 


° 
N 





J 


'@) re 
300 0400 500 600 700 =— 800 
Wavelength (my) 





In order to elucidate this aspect of the photochemical changes, similar irradiations were 
carried out with tartrate as a complexing agent. These changes, shown by Figs. 3 and 4, are 
similar to those obtained in the case of citric acid, though the absorption due to hydrolytic 
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polymer of uranium(v1) was much greater. Fig. 5 shows the effect of acid added to uranium(tIv) 
tartrate after a prolonged irradiation and the difficulty in regaining a single uranium(v1) solution. 
The colour of the uranium tartrate solution after prolonged irradiation was dark brown, the 
pH having changed from the original 4-50 to 7-50. An additional feature of this system, how- 
ever, is that, when stored in the dark, the brown tartrate solution became yellow though a 
simple uranyl-ion solution was not obtained and no uranium(Iv) was present. The brown 
colour could be formed again by still further irradiation, though no photoreduction took place. 


Lor 
8 
0-8} A 
Fic. 5. Prolonged irradiation of 5-0 x 06! ra 


10°°m-solution of uvanium(iv) tartrate. 
(A) 6 weeks’ irradiation; 1 cm. cell; (B) 
4 cm. cell, acid added to pH 1-0; (C) acid 
added to a final concentration of 1N, 4 cm. 
cell. 
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These changes may be explained by the formation of a simple hydrolytic polymer of uranium 
which on further irradiation undergoes a greater degree of hydrolytic action which is reversed 
on standing in the dark. 


DISCUSSION 


Most determinations of the stability constants of citric acid complexes have involved 
the representation of the reagent as a tridentate ligand. Warner and Weber ® have 
shown that this acid may behave as a tetradentate molecule even when no excess is present. 
In the case of uranium(Iv) an excess of reagent is required to prevent hydrolytic precipit- 
ation of the cation, whilst even in these conditions hydrolytic polymerisation takes place 
above pH’s of about 8. It seems likely, therefore, that the reagent behaves as a tridentate 
ligand. 

Amongst the chief difficulties is the complicated behaviour of uranium(rIv) ions upon 
hydrolysis, which makes it extremely difficult to know precisely the hydrolytic state of 
the uranium(Iv) in its complexes with citrate. The equilibrium may be represented as 
follows, where the uranium is taken as being essentially in the form of a 1 : 1 complex: 


U(OH),(4-"* + HL?~ SP [U(OH)sHL]t-")" 


However, evidence has been presented for the formulation of the corresponding thorium 
citrate complex as [Th(OH)],Cit, which involves the bridging of two 1 : 1 complexes by a 
third citrate anion, and a similar formulation may be used for the uranium(Iv) complex.® 

A plot of log KY, against pH and extrapolation to 1n-acid, where little hydrolysis of 
uranium(Iv) occurs, gives a value of about 13-5 for log Kwig,, which compares with that 
given for iron(111). The fall in the value of log K¥,,, may be attributed to the increasing 
hydrolysis of uranium(1v) with pH, such that at pH 4-5 the value is similar to that given 
for bivalent cations ! and that the complex would approximate to U(OH),HL*~. 


* Bobtelsky and Goldschmidt, Bull. Res. Council Isvael, 1958, '7A, 123. 
10 “ Stability Constants, Part 2,” Chem. Soc. Special Publ. No. 7, 1957. 
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In the absence of air no photochemical oxidation of uranium(Iv) complexes takes place, 
but irradiation with visible light causes almost quantitative reduction of uranium(v1) 
citrate complex. However, on admission of oxygen to solutions of uranium(Iv) citrate a 
photochemical oxidation begins: the process does not go to completion, the greatest 
change occurring in the first 24 hr. 

The photo-oxidation competes with the photo-reduction and so, in oxygen, a state of 
equilibrium would exist. However, the hydrolytic polymer of uranium(v1) generated 
by photochemical action upsets the equilibria by removal of simple uranium(v1) species to 
forms not easily broken up, even by acid. The development of this hydrolytic polymerised 
form of the uranium(v1) complex renders the quantitative study of these changes difficult. 
Nevertheless, a possible mechanism for the photo-oxidation by oxygen is outlined in the 
following scheme which resembles one suggested by Posner ™ to account for the oxidation 
of iron(II) by oxygen: 


HLU(OH),!~ iene MLUGOH +H... 2 ee ew ee ew 
HLUO-OH!- ——@ HLUO,*- + Ht . . .....- ss. GY 
HLUO,*- + *O,H ——B HLUO,- + 0,H-. . . 2 2. ee. 
O,H- + H+ —— H,O, ek he ee ow me ee 
H,O, + HLUO,?— ——% °OH + OH- + HLUO,!— ot = & & © oe 
HLUO,?- + OH ——@ OH-+ HLUO- . . . . . . 2... & 


Process (1) involves a photochemically produced hydrogen atom, which combines rapidly ® 
with oxygen to produce the hydroperoxy-radical -O,H, and the uranium(v) complex is 
formed as in (2). Uranium(vi) is then formed by electron transfer from uranium(v) to 
the radical -O,H as in (3). This finally leads to hydrogen peroxide (4) which may give rise 
to further oxidation. An alternative or concurrent. scheme would involve the pro- 
duction of uranium(v), followed by its disproportionation into quadri- and sexi-valent forms. 
The hydrolytic polymerisation of the uranium(v1) complex then gradually removes 
uranium(v1) from taking part in the series of reactions concerned with photoreduction. 

A similar series of reactions may occur to account for the photochemical oxidation by 
oxygen of the uranium(Iv) tartrate system, though here the photochemical hydrolytic 
polymeristion of the uranium(vi) tartrate plays a more important réle, the colour of the 
final solution being deep brown. Only in the case of an amino-carboxylic acid such as 
nitrilotriacetic acid, was a photochemical oxidation by oxygen obtained substantially 
free from the complication of hydrolytic uranium(v1) products, and upon addition of acid 
a simple uranium(vi1) solution was produced. This will be an inevitable consequence of 
the stronger chelating properties of these reagents which enable the products to resist 
hydrolysis. 


THE Rovyat COLLEGE OF SCIENCE AND TECHNOLOGY, 
Grascow, C.1. [Received, June 13th, 1960.]} 


11 Posner, Trans. Faraday Soc., 1953, 49, 382. 
12 Dainton and Hardwick, Trans. Faraday Soc., 1957, 58, 333. 
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943. Calculated Bond Lengths in Some Cyclic Compounds. Part VII.* 
The Series Naphthalene, Perylene, Terrylene, Quaterrylene, and the 
Lengths of Low-order Bonds. 


By T. H. Goopwin. 


The series of compounds naphthalene (I), perylene (II), terrylene (III), 
and quaterrylene (IV) has been studied with special reference to the orders 
and lengths of the peri-bonds. The great lengths of these bonds in (IV), as 
measured by X-rays, lead to a reappraisal of the correlation between order 
and length when the order is particularly low. 


It is generally found that good X-ray measurements on cyclic hydrocarbons and careful 
wave-mechanical calculations of bond order lead to agreement to within 0-02 A in the bond 
lengths, the uncertainties in measurements and calculations usually lying within the same 
limits +0-02 A. To convert orders into lengths, use must be made of a correlation curve 
and although various curves have been proposed they usually differ only slightly for bonds 
of mobile order 0-5 < # < 1-0. In Part I ! of this series we developed a correlation which, 
for p > 0-46, accepted that obtained by Coulson ? in 1951 from the generally very accurate 
measurement of thirty-six bonds in nine hydrocarbons and the corresponding orders 
calculated by the simplest (Hiickel) molecular-orbital approximation. Bonds of lower 
order are rare but the limits of the curve are of interest and many workers have supposed 
that the bond of zero mobile order between two carbon atoms each having sp?-hybridisation 


bc b bic fs 
de de 


(1) (II) (111) 


(IV) 


(which we shall hereafter refer to simply as the ‘“‘ zero-order bond ”’) is 1-50 A long (Coulson,3 
Goodwin and Vand,! etc.). Dewar and Schmeising,* however, have recently claimed that 
it is only 1-47 A long, while others, supposing such a zero-order bond to be unrealisable 
(t.e., between sp?-carbon atoms) have worked with a correlation based on ethane or diamond 
(sp-carbon), ethylene (sp), and acetylene (sp), sometimes, following an earlier study by 
Coulson,® giving an analytical expression for the curve. 

There is, however, a relatively small number of hydrocarbons for which certain bonds 
are found to be of uncommonly low order, e¢.g., perylene (II), terrylene (tribenzo[de, ki, rst}- 
pentaphene f) (III), and quaterrylene (benzo[1,2,3-cd:4,5,6-c'd’|diperylene) (IV). In the 
last of these, Shrivastava and Speakman? find the mean length of the six feri-bonds 

* Part VI, J., 1959, 2625. 


+ The letters used to denote ring fusion are not to be confused with the (arbitrary) lettering of atoms 
adopted in this paper. 

1 Goodwin and Vand, J., 1955, 1683. 

* Coulson, Proc. Roy. Soc., 1951, A’, 207, 95. 

3 Coulson, ‘‘ Victor Henri Memorial Volume,” ‘‘ Contribution a l’Etude de la Structure Moléculaire,” 
Desoer, Liége, 1948, p. 15. 
* Dewar and Schmeising, Tetrahedron, 1959, 5, 166. 
5 Coulson, Proc. Roy. Soc., 1939, A, 169, 413. 
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(de, hj, etc.) to be 1-53 + 0-01 A, and so it is clear that theory must allow bonds longer than 
1-47 or 1-50. de and hj are bonds which must be represented as single if only unexcited 
(Kekulé) structures are included in the valency bond canonical set, i.e., they must be of 
zero order. 

In molecular-orbital theory # may be low, but cannot be zero since the #,-orbitals 
on neighbouring atoms must always overlap even if only feebly. The lowest realisable 
order and greatest realisable length then become interesting questions. 

The calculations forming the basis of this paper were started before the X-ray work on 
quaterrylene (IV) was complete. Perylene (II) had already been studied both by X-rays’ 
and by wave-mechanics,*® but as the computations on quaterrylene were carried through 
three iterative cycles it seemed desirable to treat perylene similarly and then to extend the 


TABLE 1. Ground state energies for naphthalene, perylene, terrylene, and quaterrylene in 
terms of x =(E — a)/®. Unoccupied levels of orbitals of symmetries A, and A, have 
energies given by —1 x energies of corresponding occupied levels of B, and B, and vice 
versa. (The molecular symmetry of the x-orbital system is Cy, with C, perpendicular to 
the molecular plane and the x-axis containing the bond wx.) 


Naphthalene (I) Perylene (IT) Terrylene (III) Quaterrylene (IV) 
Iteration Iteration Iteration Iteration 
1 2 3 2 1 2 1 2 3 
Symmetry A, 
2-3028 2-1341 2-1206 2-2878 2-6614 2-3451 2-6902 
1-0000 0-8942 0-8823 1-4412 2-1299 1-9771 2-3670 
0-9190 1-2703 1-1840 1-7837 
10000 0-9467 1-1004 
1-0000 0-9306 1-0000 
1-0000 
Symmetry A, 
0-6180 0-6874 0-7256 1-7709 1-6836 1-8649 
1-1361 10266 1-4780 
0-2999 0-8914 
0-1846 
Symmetry B, 
1-3028 1-2543 1-2389 . 2-1972 2-5667 
1-5251 2-1010 
0-9310 1-4377 
0-8603 1-0000 
1-0000 
0-8359 
Symmetry B, 
1-6180 1-6224 1-6106 1-8102 1-8188 1-9659 
1-5102 11-5146 1-7004 
0-7092 0-6897 0-7161 1-2053 
0-5473 


TABLE 2. Bond orders and lengths (L in A) for naphthalene (1). 


First iteration Third iteration 


ae aa = 
Pr Ln A, Pre Las Iu A Ly’ A’ 
0-725 1-372 1-081 0-784 1-363 1-361 —2 1-358 —5 
0-555 1-423 0-854 0-509 1-439 1-425 —14 1-420 —19 
0-603 1405 0-885 0-526 1-432 1-421 —ll 1-395 —37 
0-518 1-435 0-879 0-589 1-409 1-410 1 1-395 —14 





study to terrylene which has never been thoroughly examined by X-rays, and to naphthal- 
ene 1° (I), since these compounds (II), (III), and (IV) can be regarded as polynaphthalenes. 


* Shrivastava and Speakman, Proc. Roy. Soc., 1960, A, 257, 477. 
7 Donaldson, Robertson, and White, Proc. Roy. Soc., 1953, A, 220, 311. 
8 Syrkin and Dyatkina, Acta Physicochim., U.R.S.S., 1946, 21, 921; Baldock, Berthier, and Pullman, 
Compt. rend., 1949, 228, 931. 
* Pauncz and Wilheim, Acta Chim. Acad. Sci. Hung., 1957, 11, 63. 
ny Hiickel, Z. Physik, 1932, 76, 628; Lennard-Jones and Coulson, Trans. Faraday Soc., 1939, 35, 
811. 
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At all stages the overlap integrals were neglected and, for the first iteration on each 
compound, the usual Hiickel assumptions were made. , 
The x-electron energies, the L.C.A.O.M.O. coefficients, and the bond orders, as well as, 


TABLE 3. Bond orders and lengths (L in A) for perylene (I1). 


Fist iteration Third iteration 








= G=: — 

Prs Lys Ay Pre Lvs Iu 
0-707 1-376 1-066 0-762 1-381 
0-552 1-422 0-857 0-516 1-376 
0-629 1-398 0-931 0-563 1-453 
0-644 1-393 1-033 0-725 1-383 
0-414 1-473 0-714 0-310 1-499 
0-529 1-430 0-841 0-504 , 1-448 
0-526 1-432 0-876 0-581 1-445 


* Ly = 1-56 A. 


by way of check, the charge distributions (which must be uniform in these alternant hydro- 
carbons) were all deduced by methods which differ from those described in the earlier 
papers of this series in that the problem was treated as one in matrix algebra and solved 
on the English Electric DEUCE in the Computing Department of this University. The 
energies x = (E — «)/8 were determined as latent roots of the matrix of secular equations 
A— Iz =0, the Givens method for symmetrical matrices being used. The DEUCE 
programmes LL21 and NPL150, for matrices up to 30 x 30 and 60 x 60 respectively, also 
give as latent vectors the molecular-orbital coefficients corresponding to the various roots 
obtained. After these had been normalised to Cn = 1, they were used as data in a 


7 
series of programmes operated under the control of the General Interpretative Programme 
ZCO1/3 to evaluate the partial and total x-bond orders # and charge densities g. From 
the orders ~, the bond lengths were first obtained by means of the correlation curve 
described in Part I. 


TABLE 4. Bond orders and lengths (L in A) for terrylene (111). 


First iteration Third iteration First iteration Third iteration 

’ enna Cee, — ~~ tenes —_ 
Prs Lys Ags Pre Ls . Pre Lis Ay prs Les 

0-704 1-377 1-061 
0-552 1-423 0-857 
0-633 1-394 0-940 
0-635 1-394 1-026 
0-426 1-471 0-718 
0-529 1-432 0-852 





rede 


‘757 1-366 0-622 1-398 1-006 0-692 1-380 
1-435 3 0-526 1-433 0-847 0-513 1-437 
1-416 0-664 1-387 0-982 0-611 1-403 
1-375 0-526 1-433 0-878 0-577 1-414 
1-484* y, 0-534 1-430 0-878 0-570 1-416 
1-439 


* Ty = 1-550 A. 


2eSSS9 
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TABLE 5. Bond orders and lengths (L in A) for quaterrylene (IV). 


First iteration Third iteration 
— — “~ - ———— eee 


JF 
ke Hy Prs 
1-378 1-057 0-753 . 1-378 
1-423 0-860 0-521 1-400 
1-394 0-944 0-574 -41i 1-419 
1-396 1-020 0-710 . 1-401 
1-469 0-720 0-329 . 1-534 
1-433 0-844 0-508 . 1-413 
1-402 0-995 0-683 . 1-365 
1-434 0-844 0-515 . 1-403 
1-385 0-995 0-624 . 1-398 
1-403 0-990 0-678 . 1-391 
1-466 0-725 0-345 . 1-524 
0-526 1-434 0-844 0-514 . 1-406 
0-526 1-434 0-870 0-574 “41 1-432 
0-535 1-430 0-880 0-568 . 1-430 
* ly = 1545A. + Ly = 1-535 A. 
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It will be obvious that the values of exchange (and overlap) integrals must depend on 
internuclear distance and hence that equating all H,, between orbitals on neighbouring 
atoms is unjustified, especially in a series of compounds containing formal single bonds, 
(There are eighty-one canonical Kekulé forms of quaterrylene and, in all these, all six 
peri-bonds must be single.) Mulliken, Rieke, and Brown," following Lennard-Jones,” 
have given a table showing the variation of H,, with bond length. By using this table, 
values of L,, obtained in the first iteration could be applied to give values of H,, for a 
second. The reduction of H,, for a low-order bond will, of course, reduce the order stil] 
further and hence call for yet further reduction. It is not claimed that this is a simple 
self-consistent field technique, but we believe that the results of the second and the third 
iteration are more reliable and useful than the simple Hiickel approximation. The real 
difficulty is knowing where to stop. We have stopped at the third iteration because the 
total x-electron energy in the first iteration of quaterrylene is at 40« + 57-448 but falls 
(numerically) to 40« + 53-948 at the second and then only to 40« + 53-128 at the third. 
(These and corresponding figures for a number of other compounds form the basis of the 
next paper in this series, now in progress.) This shows that most of the “ slack ”’ is taken 
up in the second iteration and very little more in the third. This procedure was applied 
twice (three iterations) and the results are given in Tables 1—5. In these, all H,, are 
expressed in terms of the value, 8, for a length of 1-39 A, and only Table 1 (energies) 
contains results for all three iterations. From Tables 2—5 information relating to the 
second iteration has been omitted to save space, but Tables 2, 3, and 5 also include the 
measured bond lengths Ly for compounds (I), (II), and (IV), and A = 1000(Ly, — L,,). 
For naphthalene the ‘‘ measured ”’ lengths are those derived by Cruickshank }* from the 
observations of Abrahams, Robertson, and White. For perylene the figures are taken 
from Donaldson’s work! and are for average bond lengths between resolved atoms, 
except for the bond wx, in neither version of which is resolution of both atoms achieved. 
This bond length wx is taken from the published paper of Donaldson, Robertson, and 
White and is based on estimated positions of unresolved atoms; there is no reason to 
suppose it to be far wrong, but these workers only claim to have determined the inter- 
atomic distances to within 0-04 A for the reasons given and because even for the resolved 
atoms the centres were not always well defined. The values of Ly, for quaterrylene (IV) 
are again averages between resolved atoms (32 out of the 40) and are from the paper by 
Shrivastava and Speakman.® 


DISCUSSION 


Naphthalene.—The agreement between Ly and L,, for the third iteration is remarkably 
good and seems to call only for the comment that Cruickshank’s figures lead to much 
better agreement with this third round of calculations than do the lengths Ly’ given by 
Abrahams, Robertson, and White. 

Perylene.—For four of the seven chemically and symmetrically distinguishable bonds 
agreement between Ly and L,, is very satisfactory Of the remainder, wx is the bond 
between atoms which are not satisfactorily resolved and so a discrepancy of only 0-03 A 
cannot be considered significant. The bond bc is also in agreement within the authors’ 
estimated experimental error of 0-04 A. The measured value of aw is remarkably short 
when compared (Table 7) with the lengths of corresponding bonds in the other compounds 
considered here and one suspects that it is in error. 

Quaterrylene.—Shrivastava and Speakman estimate the standard deviation of their 
bond lengths as 0-02 A for bonds in the direction of the greatest molecular length, and 

1 Mulliken, Rieke, and Brown, J. Amer. Chem. Soc., 1941, 68, 48. 

1 Lennard-Jones, Proc. Roy. Soc., 1937, A, 158, 280. 

13 Cruickshank, Acta Cryst., 1958, 10, 507. 


™ Abrahams, Robertson, and White, Acta Cryst., 1949, 2, 238. 
‘8 Donaldson, Ph.D. Thesis, University of Glasgow, 1952, p. 67. 
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0-03 A for other bonds. The values of A in Table 5 are, therefore, generally very satisfac- 
tory, for though the bonds de and Aj differ from the calculated values by amounts 
approaching twice the standard deviation these are the bonds which are formally single in 
the Kekulé formule. We discuss them below. The bonds aw, dx, ey, hz are 0-034, 0-027, 
0-034, 0-031 A shorter than calculated and this systemmatic deviation seems significant; 
it is almost certainly connected with the anomaly of the pert-bonds. 
General.—Quaterrylene can also be regarded as a bisperylene or as a tetrakisnaphthal- 
ene. In Table 6 the third iteration results and measured lengths Ly of Table 5 have been 
averaged as for bisperylene and tetrakisnaphthalene; they may be compared with the 
figures for compounds (I) and (II) in Tables 2and 3. These results are not quite the same 
as would be obtained by supposing that no delocalisation can occur across the bonds 
uniting the naphthalene or perylene fragments; such a situation is, however, implicit in 
the comparison of the four compounds in Table 7, where, so that the experimental data 


TABLE 6. Calculated and measured bond lengths (in A) in quaterrylene (IV) averaged 
as for ‘‘ bisperylene’”’ and “ tetrakisnaphthalene.”’ 


Quaterrylene Bisperylene Tetrakisnaphthalene 








* ~ im c _ ~ 
Ly Les Iu A Les Iu A 
1-378 1-375 1-385 10 1-377 1-387 10 
1-400 1-436 1-403 1-437 1-406 —3l 
1-419 1-407 1-410 3 1-407 1-410 3 
1-401 é 1-378 1-388 
1-534 1545* 1-534 1-542* 1-531 —ll 
1-413 1-439 1-408 — 25 
1-365 
1-403 
1-398 
1-391 
1-524 
1-406 
1-432 
1-430 

* ie 


TABLE 7. Comparison of calculated and measured bond lengths (in A). 


Naphthalene (I) Perylene (II) Terrylene Quaterrylene (IV) 
PERN SER IT vig A ig (IIT) r “” 
Iy A Les k& Les Lis Iu A 
1-358 —5 1-366 1-3 1-366 1-367 1-378 11 
1-420 —19 1-436 1-375 1-435 1-434 1400 —34 
1-395 —37 1-419 1-4! 1-416 1-415 1-419 4 
1:3 
1-5 








1-373 7 1-375 1-376 1-401 25 
1-560 * “5 1-550 * 1-545 1-534 —I11 
1-439 1-440 1-413 —27 
1-380 1-382 1-365 —17 
1-437 1-437 1-405 —34 
1-403 1-399 1-398 —1 
1-383 1-391 8 
1-535 1-524 -l1 
1-437 1-406 —3l 
1-45 8 1-414 1-415 1-432 17 
1-445 32 1-416 1-417 1-430 13 
© Le. 


for naphthalene (I) may be more nearly comparable with those for compounds (II) and 
(IV), they are those of Abrahams, Robertson, and White. The near-identity of the 
results for corresponding bonds in these four compounds as shown in Table 7 points itself 
to the low order of the peri-bond. 

The most interesting feature is, of course, the discrepancy in peri-bonds, and the definite 
establishment of their great length in quaterrylene calls for a re-appraisal of the lengths 
of low-order bonds between trigonally hybridised carbon atoms. The simplest course 
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is to adopt the extrapolation of Coulson’s 1951 correlation curve. This is necessarily 
somewhat subjective, but if the locus of (f,L) given in Part I as (1-000, 1-340), (0-900, 
1-351), (0-800, 1-361), (0-700, 1-378), (0-600, 1-406), (0-500, 1-443) is extended reasonably it 
passes through (0-400, 1-499) and (0-325, 1-550) and gives for the lengths of the bonds 
de and hj of quaterrylene (IV), which have / equal to 0-329 and 0-345, La. = 1-545 and 
Lij = 1-535 quoted as Ly in the footnotes to Tables 3, 4,5. These are each only 0-011 A 
greater than observed and, although Shrivastava and Speakman do not regard the 
difference between these bond lengths 1-534 and 1-524 as significant, we feel that it is since 
their difference is exactly in the sense of our conclusions. At the same time it would be 
unwise to consider that this agreement establishes our extrapolation unequivocally. In 
the first place, in perylene, pz, = 0-310 and our extended curve would give La, = 1-56. 
This is 0-06 A greater than the measured value, but the experimental error of 0-04 A 
makes this less significant. Secondly, the adoption of this ‘‘ new”’ view from the outset 
would have modified the subsequent values of 84 and 8,; and therefore the subsequent 
values of ~ for these and (as a second-order effect) for other bonds. As these calculations 
were started before the final measurements by Shrivastava and Speakman were available 
it was not thought necessary to repeat them. Thirdly, Coulson’s 1951 curve ? used bond 
orders calculated by the Hiickel approximations. The bond orders we have just been 
discussing are third-iteration results. This possible source of inconsistency is being 
looked into but a complete revision of Coulson’s bond orders is still under way. The first 
iteration (Hiickel) orders for bonds de and Aj of quaterrylene (IV) are 0-429 and 0-441, 
which, by the new extrapolation lead to La, = 1-481 and Lj, = 1-473; these are both 
0-05 A shorter than observed and so cannot be correct. As we have pointed out, the 
extrapolated Coulson curve differs only from the curve of Part I for orders less than 
p = 0-46 and so no other bonds in this series of compounds are affected by this revision. 

Two other points need comment. The first is that-we do not, and cannot, indicate a 
maximum length for a bond between sf*-hybridised carbon atoms, much less suggest a 
length for the zero-order bond. Overlap may be small, but it cannot be eliminated. 
At some stage, however, it will become too feeble to dominate distorting agencies in 
crystal packing and molecular configuration as in the biphenyls. Perhaps biphenyl 
itself represents the limit for, though there is evidence }* (the bimolecular unit cell of 
space group P2,/a) that the crystal has a planar molecule, Bastiansen’s electron- 
diffraction study ” of the vapour points to a twisting of the benzene rings about the 
central bond. Unfortunately neither method has yet given unequivocal bond lengths 
and angles. In the perylene series the long bonds occur in pairs and so maintain the 
planarity of the molecules. 

Finally attention should be called to the paper of Pauncz and Wilheim ® on the com- 
pounds (II), (III), and (IV) in which, by the Hiickel approximation (the present first 
iteration) but by a different correlation curve, they derive bond lengths. These differ 
by ca. +0-01 from the first iteration results of Tables 3, 4, 5, except for the peri-bonds 
which are invariably at least 0-02 A shorter than in our first iterations (old correlation), 
about 0-09 A shorter than our third iterations (new correlation), and 0-06—0-09 A shorter 
than measured. 


The author gratefully acknowledges helpful discussions with Professor C. A. Coulson, F.R.S., 
Dr. J. C. Speakman, and Mr. N. H. Shrivastava, and assistance with computing from Mr. D. G. 
Williams, Computing Laboratory. 
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16 Dahr, Indian ]. Phys., 1932, '7, 43. 
17 Bastiansen, Acta Chim. Scand., 1949, 3, 408. 
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944. Steroids and Walden Inversion. Part XLIV.* The 
Acetolysis of Cholesteryl Iodide. 
By C. W. SHoPPEE, W. Connick, and R. H. DAvies. 


Acetolysis of cholesteryl iodide in the presence of added acetate has been 
found to involve a unimolecular heterolysis, confirming the view ! that the 
replacement, accomplished with retention of configuration, involves the 
38-cholesteryl cation. In the absence of added acetate, the reaction is 
catalysed by hydrogen ions and is reversible. The presence of acetic 
anhydride inhibits such catalysis, but the extent of inhibition is dependent 
on the concentration of acetic anhydride and the temperature. 


WitH weakly nucleophilic reagents replacements at Cy) in A®-steroids take place with 
complete retention of configuration; thus acetolysis of cholesteryl chloride at 100° gives 
91% of cholesteryl acetate. Kinetic studies of the acetolysis of cholesteryl toluene-f- 
sulphonate ? and bromide * have confirmed Shoppee’s original view that such reactions 
proceed by unimolecular heterolysis (Sy1). 

Acetolysis of cholesteryl bromide was found to present unusual features when com- 
pared with that of cholesteryl toluene-p-sulphonate. In the absence of added acetate, 
the former reaction was reversible and catalysed by hydrogen ions although the rate- 
determining stage was ionisation of the bromide; further, in the presence of acétic 
anhydride the reaction gave a -first-order rate constant which was independent of the 
acetic anhydride concentration over a wide range. Acetolysis of epicholesteryl bromide 
also presented similar features when compared with that of epicholesteryl toluene-p- 
sulphonate. 

Although it was not expected that acetolysis of cholesteryl.iodide would depart from 
unimolecular (Sy1) characteristics, it was of interest to obtain kinetic data for comparison 
with those for the toluene-p-sulphonate and bromide, and to elucidate any additional 
features which might arise from the reducing properties of hydrogen iodide formed in the 
absence of added acetate. 

Preliminary rate measurements, carried out at 93-8° by the sealed-ampoule procedure,? 
showed that 0-02Mm-solutions of cholesteryl iodide in solutions of diphenylguanidinium 
acetate in acetic acid rapidly darkened, so that location of the end-point in the subsequent 
titration of the liberated hydriodic acid became very difficult. The colour was due to 
iodine formed by the action of dissolved oxygen on the hydrogen iodide and diphenyl- 
guanidinium iodide in the ampoules; a degassing technique was accordingly devised, and 
the solutions then remained colourless even after 40 hr. In the absence of diphenyl- 
guanidinium acetate, and in the presence of acetic anhydride, solutions of cholesteryl 
iodide in acetic acid still slowly became yellow. 

Tables 1 and 2 show selected results for the first-order integrated rate constants for 
the acetolysis of 0-02Mm-cholesteryl iodide, with 0-02M- and 0-05m-diphenylguanidinium 
acetate in acetic acid at 93-8°, calculated from the equation, k = (1/t) In [a/(a — x)], where 
a is the initial molar concentration of cholesteryl iodide, and x the molar concentration 
of hydrogen iodide liberated after ¢ min. The experimental limitation of -+-0-01 ml. in 
titration of the liberated hydrogen iodide introduces an uncertainty of about +5% in 
the individual values of & for short intervals. 

These rate constants agree within experimental accuracy up to 40% reaction. Thus 
increasing the acetate concentration of the solvent from 0-02m to 0-05m resulted only in 
an increase in the initial rate constant from 4-0 x 10* to 7-0 x 10¢ min.+. These 


Part XLIII, /J., 1959, 2786. 


+ 
1 Shoppee, J., 1946, 1147. 

* Winstein and Adams, J. Amer. Chem. Soc., 1948, 70, 838. 
* Davies, Meecham, and Shoppee, J., 1955, 679. 

* Shoppee and Williams, J., 1955, 686. 
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initial rate constants may be compared with the value of 1-6 x 10“ min.? at 93-8° 
obtained in the absence of added acetate ions. The results indicate a first-order dependence 
of the rate constant on the acetate concentration. There are, however, several reasons 
for believing that the acceleration in rate is due to salt effects on a unimolecular reaction 


TABLE 1. Acetolysis of 0-02M-cholesteryl iodide (10°a = 10-15) in solutions of 
0-02M-diphenylguanidinium acetate in acetic acid at 93-8° + 0-2°. 
Time 104k Time 10% 
(min.) 105x 102x/a (min.~) (min.) 105x 10°x/a (min.~!) 
120 0-48 787 2-42 23:8 3°46 
215 0-72 1080 3-23 31-8 3-5 
300 1-07 1200 3-60 35-4 
335 1-32 1539 4-02 39-6 
434 1-50 1620 4-34 42-8 
475 1-63 1823 4-39 43°8 
582 1-96 2172 5-03 49-5 
700 2-25 2365 5-20 51-2 
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TABLE 2. Acetolysis of 0-02M-cholesteryl iodide (10°a = 10-15) in solutions of 
0-05m-diphenylguanidinium acetate in acetic acid at 93-8° + 0-2°. 


Time 10*k Time 
(min.) 105x 10°x/a (min.) 105% 102x/a 
110 0-69 6-8 P| 801 4-25 41-8 
209 1-40 13-7 7 1006 4:86 
240 1-67 16-5 . 1189 5-39 
376 2-39 23-5 . 1189 5-34 
420 2-49 24-5 , 1337 5-62 
450 ‘7 26-6 , 1691 6-74 
650 5 34-7 , 2253 : 7-42 
755 ‘8 38-2 , 
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rather than to a bimolecular substitution by acetate ions. Thus, the accelerating influence 


of 0-02m-diphenylguanidinium acetate was found to be smaller than that of 0-02m-di- 
phenylguanidinium perchlorate. Moreover, bimolecular attack by acetate ions would 
lead to inversion and the formation of epicholesteryl acetate. Cholesteryl acetate, 
cholesta-3,5-diene, and cholesterol were the only products of acetolysis. The possible 
formation of epicholesteryl acetate as an intermediate is ruled out since this acetate was 
found to be stable under the above conditions. The influence of acetate concentration 
on the rate of acetolysis follows a pattern of salt effects observed for unimolecular reactions 
in the less polar solvents, e.g., in the presence of 0-01M- and 0-03M-diphenylguanidinium 
acetate the rate constants for the acetolysis of cholesteryl toluene-f-sulphonate at 50° 
are 19-6 x 10° and 22-0 x 10° min., respectively, to be compared with the value of 
7:80 x 10° min. in the pure solvent.5 The rate of ionisation of organic substrates in 
solvents of low polarity such as acetic acid may be considerably increased by the addition 
of electrolytes as a result of reduction or elimination of ion-pair return.6 A more detailed 
study of the influence of added salts on the rate of acetolysis of various steroid derivatives 
is in progress, and it appears that the rate constant for cholesteryl iodide is more sensitive 
to the influence of added electrolytes than is that for the corresponding bromide * or 
toluene-p-sulphonate.® 

The unimolecular nature of the reaction is confirmed by the progressive fall of the 
specific rate constants in the later stages of the reaction as shown in curves III and IV of 
Fig. 1, in which the broken line curves indicate the course of reaction if constant specific 
rates are assumed. If the acetolysis involves the unimolecular heterolysis: 





* Winstein, Smith, and Darwish, ]. Amer. Chem. Soc., 1959, 81, 5512. 
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the reversibility of the rate-determining ionisation (1) leads to progressive retardation of 
the reaction.? The diphenylguanidinium acetate neutralises the hydrogen iodide liberated, 
and the resulting iodide ion concentration leads to gradual increase in the importance of 
reaction (2) and to a progressive fall in specific rate. This “‘ mass law” effect is further 
substantiated by the retardation produced by the addition of potassium iodide (curve V, 
Fig. 1). If the ionic strength of the solvent, 0-02m-diphenylguanidinium acetate with 
0-03m-potassium iodide, is assumed to be comparable with that of a 0-05m-diphenyl- 
guanidinium acetate solution (curve II, Fig. 2), it will be seen that addition of the common 
jodide ion results in a decrease of the specific rate constant from 7-0 x 10% to about 
9-6 x 10% min.1. 

The rate constant observed, 4-0 x 10 min.1, in 0-02mM-diphenylguanidinium acetate 
solution at 93-8° (curve II, Fig. 1), is increased in the added presence of 0-5M-water (curve 


Fic. 1. Acetolysis of 0-02m-cholesteryl iodide in 4g 9 Acetolysis of 0-O2m-cholesteryl iodide in 
0-02m-solutions of diphenylguanidinium acetate 0-05%-solutions of \ ss opraobenantttotens acetate 
in acetic acid at Ut) eee) Ose (IIT) im acetic acid at (I) 83-8°, (IT) 93-8°, (III) 103-8°, 
ae, 9 Oe (I ‘ or curve (V), water and (IV) 113-8°. Forcurve (V), potassium iodide 
(0-5m) was also present. For broken lines see (0-03m) was also present 
text. : 
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V, Fig. 1) to 6-3 x 10 min.*, a value nearly equal to that (7-0 x 10 min.*) found for 
0-05m-diphenylguanidinium acetate solution (curve IT, Fig. 2). 

The results obtained when anhydrous acetic acid was used as solvent at 93-8° and 
113-8°, given in Tables 3 and 4, exhibit features similar to those observed with cholesteryl 
bromide * and epicholesteryl bromide. The reaction proceeds to an equilibrium, and 
the sigmoid form of the percentage reaction-time plot (curve IV, Fig. 3) indicates that 


TABLE 3. Acetolysis of 0-02M-cholesteryl iodide (10°a = 10-15) in anhydrous acetic 
actd at 93-8° +- 0°2°. 
10*k Time 10*k 
105% 10®x/a (min.~') (min.) 10°x/a (min.~?) 
0-15 1-5 457 77-0 32-2 
0-67 66 548 78-7 27-4 
1-07 10-6 596 84-8 31-7 
2-88 28-4 663 88-1 32-1 
4-68 46-1 723 86-4 27-6 
6-60 65-0 868 89-1 25-6 
395 7-25 71-4 894 91-0 27-1 
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the reaction is autocatalysed. By analogy with the behaviour observed for cholesteryl 
bromide,’ it may be presumed that the catalysis is due to hydrogen ions resulting from the 


? Hughes, Ingold, ef al., J., 1940, 960 et seg.; 1952, 2488. 
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liberated hydrogen iodide; this view is supported by the fact that the catalysis is more 
marked with cholesteryl iodide, which is consistent with the greater strength of hydrogen 
iodide than of hydrogen bromide in acetic acid. Whereas for cholesteryl bromide the 


TABLE 4. Acetolysis of 0-02M-cholesteryl iodide (105a = 10-15) in anhydrous acetic 
acid at 113-8° + 0-2°. 

Time 10k Time 10*k 
(min.) 105x 10°x/a (min,~!) (min.) 105x 10°x/a (min.~?) 
20 0-31 3-0 15-4 35 1-89 18-6 58-7 
30 0-82 8-0 28-0 50 3-69 36-3 90-2 


30 0-87 8-5 29-8 90 4-85 47-7 69-5 
35 1-58 15-6 48-2 


equilibrium corresponding to 85% reaction is attained in 950 min. at 94-8°, for cholesteryl 
iodide the equilibrium corresponding to 90% reaction is reached after only 870 min. at 
93-8° despite the fact that the initial specific rate constant for the iodide is 1-8 x 10“ 
min. compared with 2-5 x 10“ min. for the bromide. The solutions remained colour- 
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Fic. 3. <Acetolysis of 0-02m-cholesteryl iodide at 
93-8° in (I) 100% acetic acid; and in acetic acid 
containing (II) O-lm-, (III) 0-5m-, and (IV) 
1-0M-acetic anhydride. 
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less for about 200 min.; the subsequent darkening interfered increasingly with the 
titration procedure and rendered study in the equilibrium region difficult. 


Assuming that the acetolysis, in the absence of added acetate, occurs by the mechanism: 


AcOH 
Ri === Rt + I —— ROA +H HI 
and that any elimination or other side reaction does not influence the rate, we may write: ® 


ak,t = In x/[a(l — x/x,)] + ¢ EP er ey ers 


where a is the initial molar concentration of cholesteryl iodide, x the extent of reaction at 
time ¢, k, the rate constant of the catalysed ionisation of the iodide, k, the rate constant of 
the reverse reaction, and x, the concentration of hydrogen iodide at equilibrium. The 
observed value of x, is 0-90a, so that the plot of log [x/(a — x/0-90)] against time should 
be linear. However, two straight lines intersecting at 300 min. were obtained, as in the 
case of epicholesteryl bromide. Thus it appears the autocatalytic mechanism is fully 
operative only for the early stage of the reaction; possibly, some cholesta-3,5-diene is 
formed and by addition of hydrogen iodide reduces the catalytic hydrogen-ion concen- 
tration. 

The influence of acetic anhydride on the kinetics of acetolysis, previously observed for 
cholesteryl and epicholesteryl bromide, was found to be less marked in the present study. 
As shown in Fig. 3, the presence of varying amounts of acetic anhydride leads to the same 
initial specific rate constant for the acetolysis of 0-02m-cholesteryl iodide at 93-8° as in 
pure acetic acid. Similarly, the same initial specific rate constant 7-0 x 10 min. was 
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found for the acetolysis of 0-2m-cholesteryl iodide at 113-8° in the presence of 1-0m-acetic 
anhydride and in pure acetic acid. Clearly, in the early stages of the reaction,- acetic 
anhydride must prevent catalysis by removing hydrogen iodide; but, contrary to the 
complete inhibition of catalysis, independently of the concentration of acetic anhydride, 
observed with cholesteryl and epicholesteryl bromide, the extent of inhibition is now 
dependent on the amount of anhydride present. It was noted that the solutions remained 
colourless during the period of inhibition, but eventually became highly coloured, so that 
it was not possible to determine the position of equilibrium in the presence of acetic 
anhydride. 

An explanation of the inhibition of catalysis by acetic anhydride follows from the 
suggestion ® that in acetic acid—acetic anhydride solvated protons produce acetylium ions: 


AcOH, + Ac,O =e Act+2AcOH. . . 2. 2 6 ew ew se CY 


Acetyl iodide will be formed, but it is known ® that acetyl chloride and bromide behave 
as monobasic acids in acetic acid solution and can be titrated with sodium acetate; it is 
therefore reasonable to assume that conversion of hydrogen iodide into acetyl iodide 
would not interfere with the titration. The order of decreasing basicity of the anions in 
acetic anhydride is: ACO- > Cl: > Br- > I-.®__ Thus, the reaction Act + X- == AcX 
is less complete for I- than for Br~. The position of equilibrium in reaction (2) will there- 
fore lie more to the left for solutions of hydrogen iodide than for solutions of hydrogen 
bromide; this circumstance, together with the greater strength of hydrogen iodide, may 
account for the much weaker inhibition of catalysis in the case of cholesteryl iodide. 
Temperature also influences the inhibitory power of acetic anhydride; at 113-8°, auto- 
catalysis set in practically from the commencement of reaction, whereas at 93-8° it was 
delayed until after 2000 min. 

The energies of activation, calculated from the initial rates at 83-8°, 93-8°, 103-8°, and 
113-8° are 23-1 and 22-3 kcal./mole for 0-02m- and 0-05m-diphenylguanidinium acetate 
solutions respectively. The corresponding entropy changes are —21-7 and —22-5 cal. 
mole deg. for the 0-02mM- and 0-05m-solutions respectively. The activation energy of 
19-2 kcal./mole for the acetolysis in the absence of added base is less reliable since it is 
computed from measurements at 93-8° and 113-8° only; moreover, development of colour 
in the very early stages of reaction at 113-8° made titrations difficult, thereby introducing 
an uncertainty into the value of the initial rate constant. 


TABLE 5. Parameters of acetolyses. 
epi- 
Cholesteryl Cholesteryl epi- 
toluene-p- toluene-p- Cholesteryl Cholesteryl Cholesteryl 


sulphonate ** sulphonate bromide * bromide * iodide 
E (kcal. mole=?) 25-0 25-2 26-5 26-8 22-7 
AH? (kcal. mole“) 24-4 24-6 25-8 26-1 22-0 
AS? (cal. mole“! deg.-!) ... —1-0 —3-7 —13-5 —14-5 — 22-1 


In Table 5 we compare the values of the energy of activation, the heat of activation, and 
the entropy of activation for the acetolysis of various cholesteryl and epicholesteryl esters. 
The energy of activation for the iodide is 3—4 kcal. mole lower than for the other esters; 
it must be appreciated that the value for the iodide was obtained under conditions of 
greater ionic strength, which may contribute to lower the activation energy, but neverthe- 
less the smaller value for the iodide is consistent with the greater ease of heterolysis of the 
carbon-iodine bond. A survey ™ of unimolecular rates has shown that secondary iodides 


® Mackenzie and Winter, Trans. Faraday Soc., 1948, 44, 159. 
® Usanovitch and Yatsimirsku, J. Gen. Chem. U.S.S.R., 1941, 11, 954, 959. 
je Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” G. Bell and Son, Edinburgh, 1953, 
p. 306. 
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ionise 1-5—4-5 times faster than secondary bromides. The observed slower acetolvsis 
of cholesteryl iodide is therefore anomalous, and the greater entropy of activation for the 
iodide suggests that solvation plays a more significant réle in the ionisation of the iodide. 

The reaction product of the 24 hr. acetolysis of cholesteryl iodide in the presence of 
added base at 93-8° was cholesteryl acetate (90%) with cholesta-3,5-diene (~10%); 3,5- 
cyclo-5«-cholestan-68-yl acetate was not detected. In the absence of added base, only 
some 20% of cholesteryl acetate was isolated (as cholesterol, after alkaline hydrolysis) 
although the kinetic measurements indicate 30% conversion; cholesteryl iodide (44%) 
was recovered, together with unidentified non-crystalline material. 


EXPERIMENTAL 


For general experimental directions, see J., 1959, 630. 

{aJ,, are for CHCl, solutions, and ultraviolet absorption spectra for EtOH solutions measured 
on a Unicam S.P. 500 spectrophotometer with a corrected scale. 

Cholesteryl Iodide.—Cholesteryl toluene-p-sulphonate, double m. p. 126°/134°, was converted 
by methanolysis in the presence of potassium acetate into 68-methoxy-3,5-cyclocholestane, 
m. p. 76—77°, [a],, —46°. This (20 g.) in ether (500 ml.) and acetic acid (200 ml.) was treated 
with hydriodic acid (“‘ AnalaR ’”’; d 1-7, 57% w/w; 200 ml.) overnight at 20°, to give, after the 
usual isolation procedure, cholesteryl iodide (10 g.), m. p. 107°, [a],, —14°, after three recrystal- 
lisations from anhydrous acetone (lit.,4*m. p. 107—108°, [a], —12°. To minimise decomposition, 
the iodide was kept in a dark bottle in a desiccator; however, for reproducible rate measure- 
ments, periodical recrystallisation from acetone was necessary. 

Acetic Acid.—Initially, anhydrous acetic acid for kinetic work was obtained by the procedure 
of Eichelberger and LaMer,™ with triacetyl borate prepared by the method of Pictet and 
Geleznoff.* Later, it was found by titration with the Karl Fischer reagent that fresh samples 
of ‘ AnalaR ”’ acetic acid had a negligible water content and yielded the same reaction rates 
as did acetic acid dried with triacetyl borate. 

Diphenylguanidine.—The commercial reagent grade was recrystallised three times from 
ethanol and dried in a vacuum-desiccator, then having m. p. 147—148°. 

Titrations in Anhydrous Acetic Acid.—An approximately 0-05m-solution of perchloric acid 
in acetic acid, employed as a standard acid, was prepared from 60% w/w perchloric acid of 
known titre with addition of the calculated amount of acetic anhydride to remove the water. 
This perchloric acid solution was standardised against a solution of potassium hydrogen 
phthalate in acetic acid, with a saturated solution of Crystal Violet as indicator; the end-point 
involved a sharp colour change from blue to green. Solutions of hydriodic acid in acetic acid 
were titrated by adding a known volume of standard diphenylguanidinium acetate solution 
and determining the excess of base by titration against standard perchloric acid. The validity 
of this procedure was confirmed by using a standard solution of hydrogen iodide in acetic acid 
obtained from freshly prepared constant-boiling hydriodic acid, the water of which had been 
removed by treatment with the calculated amount of acetic anhydride. The perchloric acid 
solution was standardised against the diphenylguanidinium acetate solution before each batch 
of titrations. 

Rate Measurements.—The temperature of the thermostat-bath was maintained within a 
few degrees of the required value by an immersion heater, temperature control being by an 
auxiliary heater of lower wattage coupled with a mercury—xylene thermoregulator and a 
“ Sunvic ” (E.A.3) electronic relay. The thermostat was set at 83-8°, 93-8°, 103-8°, and 113-8° 
severally, by means of a certified N.P.L. thermometer; temperature control was within +0-2°. 

Preliminary rate measurements were carried out by the sealed ampoule procedure described 
by Davies, Meecham, and Shoppee.? Approximately 50 mg. of the iodide, weighed to the 
nearest 0-01 mg., were introduced into an ampoule together with 5 ml. of solvent. After 
the ampoule had been sealed and immersed in the bath, the solution rapidly darkened and 
location of the end-point in the subsequent titration of the liberated acid became very difficult. 
The following degassing procedure was adopted. 

1 Stoll, Z. physiol. Chem., 1932, 207, 147. 

12 Broome, Brown, and Summers, J., 1957, 2071. 


18 Eichelberger and LaMer, /. Amer. Chem. Soc., 1933, 55, 3633. 
14 Pictet and Geleznoff, Ber., 1903, 36, 2219. 
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Ampoules, made from tubing of ~1-5 cm. diameter, were provided with a standard B-19 
cone for attachment to a vacuum-line. Since the solubility of cholesteryl iodide in acetic acid 
is too low at room temperature to permit a stock standard solution of suitable strength to be 
used, solutions were made up separately in each ampoule. After addition of a weighed amount 
of the iodide to the ampoule, the solid was washed down the tube by addition of 5 ml. of solvent 
from a pipette. The weight of iodide taken was such that the solution was as nearly as possible 
002m. For each batch of solutions made up at one time, a 5 ml. portion of the solvent was 
weighed, to allow the strength of the solutions to be expressed on a molality basis and to 
correct for any volume changes of the solvent due to slight variations in room temperature. 
The contents of each ampoule were frozen in acetone-solid carbon dioxide, and the tube then 
constricted at about 10 cm. from the cone to facilitate subsequent sealing. 

After attachment of the ampoule to the vacuum-line and again freezing of its contents, 
the tube was evacuated to ~10° mm., the extent of evacuation being ascertained by the 
strength of the discharge obtained with a “‘ Tesvac”’ coil. The ampoule was then isolated 
from the vacuum-line by a tap and the solid solution allowed to melt. This solution was 
again frozen and the evacuation repeated. The sequence of melting, freezing, and evacuation 
was carried out a third time to ensure complete degassing of the solution. With the solution 
frozen, the ampoule was sealed at the constriction. Controls showed that loss of solvent was 
less than 0-02 g. in the above procedure. 

Dissolution of the iodide was complete after the ampoule had been immersed for approxim- 
ately 2 min. in the bath. After an appropriate interval the reaction was stopped by immersing 
the ampoule in ice-water. The contents of the tube were washed into a flask with anhydrous 
acetic acid and analysed. In runs carried out in the absence of added base, the ampoules were 
broken under a measured volume of standard base solution to prevent loss of hydrogen iodide 
and were then washed out with anhydrous acetic acid. It was necessary to perform the 
titrations immediately the ampoule was opened, since if the solution was exposed to air for 
any length of time the end-point was affected, presumably by oxidation of the diphenylguanidin- 
ium iodide. The decomposition was catalysed by direct sunlight and appropriate precautions 
were taken. 

A 0-02m-solution of hydrogen iodide in anhydrous acetic acid, degassed by the above 
procedure, underwent negligible decomposition after 36 hr. at 93-8°. 

Determination of Products.—(a) In presence of added base. A 0-02m-solution of cholesteryl 
iodide (50 ml.) in a 0-05m-solution of diphenylguanidinium acetate in acetic acid in a large 
ampoule was degassed, sealed, kept at 113-8° for 24 hr., and then was poured into water. The 
product was extracted with ether and recovered in the usual way as a solid (436 mg.), which 
melted over a wide range; it was chromatographed on a column of aluminium oxide (Spence, 
type H; 15g.) preparedin pentane. Elution with pentane (2 x 50 ml.) gave cholesta-3,5-diene 
(33 mg.), m. p. and mixed m. p. 80°, Amax, 235 my. Further elution with pentane (26 x 50 ml.) 
gave cholesteryl acetate (325 mg.), m. p. and mixed m. p. 115°; ether—benzene (1: 9) (11 x 50 
ml.) gave cholesterol (57 mg.), m. p. and mixed m. p, 148°. 

(b) In absence of added base. A 0-02m-solution (100 ml.) of cholesteryl iodide in a 1-0m- 
solution of acetic anhydride in acetic acid in a large ampoule was degassed, sealed, and kept at 
93-8° for 36 hr., after which the solution was faintly coloured. Chromatography of the product, 
isolated as above, failed to effect separation. The procedure was repeated and the product 
refluxed with 5% methanolic potassium hydroxide for 0-5 hr.; the hydrolysed product, 
isolated in the usual manner, was a dark brown oil (915 mg.) and was chromatographed on 
aluminium oxide (30 g.) in pentane. Elution with pentane (2 x 100 ml.) afforded a colourless 
oil (221 mg.), Amax, 213 my, giving a positive halogen test and probably consisting mainly of 
cholesteryl iodide; further elution with pentane (3 x 100 ml.) gave cholesteryl iodide (186 mg.), 
m. p. and mixed m. p. 107°. Use of benzene-pentane (1:9; 5 x 100 ml.) gave impure 
cholesteryl iodide (256 mg.), whilst benzene (5 x 100 ml.) and ether—benzene (1:19; 4 x 100 
ml.) gave brown oils showing a positive halogen test (total, 97 mg.). Final elution with ether 
gave cholesterol (84 mg.), m. p. 148—149°. 

(c) Stability of epicholesteryl acetate in anhydrous acetic acid. A solution of epicholesteryl 
acetate (256 mg.) and diphenylguanidine (260 mg.) in glacial acetic acid (25 ml.) was kept at 
93-8° for 36 hr., then neutralised with sodium carbonate and extracted several times with 
benzene. The benzene extract was dried (Na,SO,), and the residue (249 mg.) after evaporation 
was boiled with lithium aluminium hydride for 1 hr. in ether. The product (224 mg.) was 
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identified, after chromatography on alumina, as epicholesterol, m. p. and mixed m. p. 144—145°, 
depressed by cholesterol (acetate, m. p. and mixed m. p. 82—-83°). No cholesta-3,5-diene was 
isolated on prior elution with pentane. 


We thank Glaxo Laboratories Limited, London, for a gift of cholesterol; one of us (W. C.) 
gratefully acknowledges the financial support of the Swansea Local Education Authority. 
UNIVERSITY COLLEGE, SWANSEA; THE UNIVERSITY OF WALES. 
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945. Steroids and Walden Inversion. Part XLV.* 
68-Chloro- and 68-Bromo-5«-cholestane. 
By C. W. SHOoPPEE and RutH LAcK. 


68-Chloro-5a-cholestane chloride has been obtained from 6«-bromo-5«- 
cholestane by exchange with tetrabutylammonium chloride in dioxan at 100°; 
several unsuccessful indirect approaches are described. 

68-Bromo-5a-cholestane has been prepared by _ reversed (anti- 
Markovnikov) addition of hydrogen bromide to cholesteryl acetate, and 
subsequent elimination of the 38-acetoxyl group. The detailed mechanism 
of this and related radical additions of hydrogen bromide is discussed. 


Havinc failed to find conditions permitting conversion of the epimeric 5a-cholestan-6-ols 
into the 68-halogeno-5a-cholestanes (see following paper), we were compelled to examine 
indirect methods of preparation. 

Décombe and Rabinovitch, although unable to: reduce 5a,68-dichlorocholestane? 
(I; R = H) with hydrogen and platinum black in ether (as we have confirmed), claimed 
to have accomplished partial hydrogenation of cholesterol dichloride (5«,68-dichloro- 
cholestan-38-ol) **4 (I; R = OH) with the same catalyst in aqueous ether to 68-chloro- 
5a-cholestan-38-ol (II), which they also obtained, accompanied by 5a-cholestan-38-ol, by 
similar partial reduction of 5«,68-dichlorocholestan-3-one ? (III). 


ke 
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Despite numerous attempts under a variety of conditions, we have been unable to 
repeat the work of Décombe and Rabinovitch; attempts made at Imperial College, 
London, through the kindness of Professor D. H. R. Barton, F.R.S., were also unsuccessful. 
We therefore explored the partial reduction of a mixed 5«,68-dihalide. 

Cholest-5-ene was found to add iodine monochloride readily in acetic acid; 
Markovnikov orientation being assumed, the extremely unstable product was 5a-chloro- 
68-iodocholestane, which by immediate hydrogenation with palladium or platinum in 
anhydrous neutral media gave 5a-chlorocholestane accompanied by variable amounts of 
cholest-5-ene, formed by elimination of iodide monochloride. 58,68-Epoxycholestane 5’ 


* Part XLIV, preceding paper. 


1 Décombe and Rabinovitch, Bull. Soc. chim. France, 1939, 6, 1510. 

* Barton and Miller, J. Amer. Chem. Soc., 1952, 72, 370, 1066. 

* Berg and Wallis, J. Biol. Chem., 1946, 162, 683. 

* Décombe and Rabinovitch, Compt. rend., 1947, 225, 583. 

5 Ruzicka, Fiirter, and Thomann, Helv. Chim. Acta, 1933, 11, 332. 

* Henbest and Wrigley, J., 1957, 4596; Hallsworth and Henbest, ibid., p. 4604. 
7 Shoppee, Jenkins, and Summers, J., 1958, 1657. 
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(IV), by fission with hydrogen bromide, gave 5a-bromocholestane-68-ol (V), converted by 
thionyl chloride, via an intermediate 5a,6a-bromonium ion*® and so with retention of 
configuration at Cg, into 5«-bromo-68-chlorocholestane (VI). The 5a-bromo-68-chloride 
(VI) was unchanged by treatment with hydrogen and palladium or platinum in anhydrous 
dioxan, anhydrous ether, or ether containing a trace of perchloric acid; with platinum 
and hydrogen in aqueous ether the sole product was 5a-cholestane. The compound (VI) 
was unaffected by lithium aluminium hydride in ether at 35°. An attempt to prepare 


ww 
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(IV) 
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from the 58-68-epoxide (IV) the 5a-iodo-68-alcohol (cf. V) and to convert this into the 
5a-iodo-68-chloride (cf. VI) was unsuccessful and furnished only cholest-5-ene. 

We next attempted to raise the reactivity toward removal of the 5a-halogen atom 
in a 5«,66-dihalide by provision of an activating group. 5«,68-Dichlorocholestan-3-one ? 
(III) was converted by dehydrochlorination with potassium acetate in ethanol into 66- 
chlorocholest-4-en-3-one ? (VII). This was subjected to hydrogenation with a deactivated 
platinum catalyst in ethyl acetate in the hope that conjugation with the 3-carbonyl of the 
n-electrons of the 4,5-double bond might diminish the reactivity of the allylic 68-chlorine 
atom; ® however, the sole isolable hydrogenation product was cholest-4-en-3-one (VIII). 
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Despite the cis-axial-equatorial addition of deuterium chloride to cholest-5-ene, we 
investigated the addition of hydrogen chloride to cholest-5-en-4-one ™-! (IX). Here, 
cis-axial-equatorial addition again occurred, presumably by 5a-protonation of the 5,6- 
double bond and intermediate formation of a 6-carbonium ion, to give 6a-chloro-5a- 
cholestan-4-one (X), whose structure was proved by conversion into the dibenzyl thioketal 


© Spe! + fog °. 


; H : 
fe) OH &, Cl 
(1X) (X) (XI) 


and desulphurisation with deactivated Raney nickel ™ in ethanol to 6a-chloro-5a- 
cholestane (XI), m. p. 149°,. (aJ,, +46°, vmax. 781 and 745 cm.* in CS, (see following paper). 
38-Acetoxy-5«-cholestan-7-one (XIII), although unattacked by bromine in acetic acid 


= aa Miller, and Young, /., 1951, 2598; cf. Ziegler and Shabica, J]. Amer. Chem. Soc., 1952, 
* Shoppee, Bridgewater, Jones, and Summers, J., 1956, 2492. 
10 Barton, Campos-Neves, and Céokson, J., 1956, 3500. 
11 Butenandt and Ruhenstroth-Bauer, Ber., 1944, 77, 397. 
12 Jones, Lewis, Shoppee, and Summers, J., 1955, 2876. 
13 Spero, McIntosh, jun., and Levin, J. Amer. Chem. Soc., 1948, 70, 1907. 
‘ Rosenkranz, Kaufmann, and Romo, J. Amer. Chem. Soc., 1949, 71, 3689. 
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at 35°, underwent bromination ™ in chloroform at 20° to afford epimeric monobromo- 
derivatives, which were shown '* to be the 68- (XIV; X = Br) and the 6a-bromo-ketone 
(XII; X = Br); consistently, the axial 68-bromo-ketone produced under kinetic control 
is converted by hydrogen bromide into the equatorial 6«-bromo-ketone.” Using the 
acetoxy-ketone (XIII) as a model we examined its chlorination. 








x 
(XII) (XIII) (XIV) 


Chlorination of 38-acetoxy-5«-cholestan-7-one (XIII) in acetic acid at 20° gave a single 
chloro-ketone, identified by its spectra as 38-acetoxy-6«-chloro-5«-cholestan-7-one *” (XII; 
X = Cl); it did not give a 2,4-dinitrophenylhydrazone (cf. ref. 16) and failed to furnish a 
dibenzyl thioketal. Since the chloro-ketone (XII) may arise from the first-formed 66- 
chloro-epimer (XIV; X = Cl) by acid-catalysed enolisation,!” we examined base-catalysed 
chlorination,4® but 36-acetoxy-5a-cholestan-7-one (XIII) was recovered unchanged from 
acetic acid at 90° containing anhydrous potassium acetate and a large excess of chlorine. 

We next investigated the monochlorination of the 7-ketones (XV, XVI, XVII). 
Cholesta-3,5-dien-7-one ! (XV) in glacial acetic acid, treated with 1-05 mol. of chlorine in 
acetic acid at 20°, gave 6-chlorocholesta-3,5-dien-7-one (XVIII). The bathochromic 
displacement, Admax, +15 my, for the chloro-ketone (XVIII) is comparable with that 
(14-5 my) observed for 4-chlorocholesta-4,6-dien-3-one. 

Cholest-5-en-7-one 2° (XVI) similarly gave 6-chlorocholest-5-en-7-one. Chlorination 
of 5«-cholestan-7-one 2°83 (XVII) in acetic acid at 20° gave a single chloro-ketone which 
was identified by its spectra as 6«-chloro-5«-cholestati-7-one (XX). The chloro-ketone 
did not give a 2,4-dinitrophenylhydrazone (cf. ref. 16) or a dibenzyl thioketal. In an 
attempt to avoid acid-catalysed enolisation and inversion at Cy) leading to the production 
of (XX), the base-catalysed chlorination of the ketone (XVII) in acetic acid at 90° was 


(XV) ” (XVI) \ “ HY ° (XVIT) 
She Chey. aes 
Cl Cl H : 
(XVIII) (XIX) cl (XX) 


examined; despite use of a large excess of chlorine, the ketone was recovered unchanged. 
Finally 68-chloro-5«-cholestane was prepared by the exchange reaction:™ 
RBr + Cl- >> RC1+ Br-. 6«-Bromo-5«-cholestane (XXI), m. p. 141°, [0], +50°, vnex 


18 Barr, Heilbron, Jones, and Spring, J., 1938, 334. 

16 James and Shoppee, J., 1956, 1064. 

1” Corey, J. Amer. Chem. Soc., 1954, 76, 175. 

18 Cf. Crowne, Evans, Green, and Long, J., 1956, 4354. 

19 Stavely and Bergmann, J. Org. Chem., 1937, 1, 567. 

2® Windaus, Ber., 1920, 58, 488; Windaus and Kirchner, ibid., p. 614. 

*1 Heilbron, Shaw, and Spring, Rec. Trav. chim., 1938, 57, 529. 

#2 Dauben, Dickel, Jeger, and Prelog, Helv. Chim. Acta, 1953, 36, 325. 

23 Cremlyn and Shoppee, /J., 1954, 3515. 

*4 Bateman, Hughes, and Ingold, J., 1940, 1017; Hughes, Juliusberger, Masterman, Scott, Topley, 
and Weiss, J., 1935, 1525; 1936, 1173; Cowdrey, Hughes, Nevell, and Wilson, J., 1938, 209. 
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710 cm." (see following paper), on treatment with tetrabutyl- or tetraethyl-ammonium 
chloride in anhydrous dioxan at 100° gave after 3 hr. a mixture separable by fractional 
crystallisation into unchanged 6«-bromo- and 68-chloro-5a-cholestane (XXII), m. p. 94°, 
fi, —2°, Vmax. 696 cm. (axial C-Cl stretching frequency). 
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For the preparation of 68-bromo-5«-cholestane the partial reduction of 5«,68-dibromo- 
cholestane 2? (cf. I; R= H) was examined. The compound was unchanged by 
hydrogen and palladium in ether-methanol, and was partially converted via cholest-5-ene 
into 5a-cholestane with platinum in ethyl acetate (cf. ref. 1); surprisingly, 5«,68-dibromo- 
cholestane was isomerised by lithium aluminium hydride in ether at 35° in 1-5 hr. to the 
more thermodynamically stable 58,6«-dibromocholestane.* A successful and radically 
different procedure was worked out as follows. 

Cholesterol (XXIV; R = H) with hydrogen bromide in chloroform at 20°, or in carbon 
tetrachloride—ether in the presence of ferric chloride at 20°, gives 5«-bromocholestan-38-ol ” 
(XXIII; R =H). Cholesteryl acetate (XXIV; R = Ac) similarly yields 38-acetoxy-5a- 
bromocholestane (XXIII; R =.Ac), m. p. 127—131°, [J], +3°, vax. 665 cm.+ (axial 
bromine), but in the presence of oxygen and the complete absence of moisture affords 
36-acetoxy-68-bromo-5a-cholestane * (XXV; R= Ac), m. p. 140°, (J, —30°, vmx 660 
cm." (axial bromine). 

By hydrolysis with 1% methanolic hydrogen bromide at 20°, the acetate (XXV; 
R= Ac) gives 6$-bromo-5a-cholestan-38-ol (XXV; R=H) [vmx 665 cm.? (axial 
bromine)], oxidised by chromium trioxide in acetic acid at 20° to 68-bromo-5a-cholestan- 
3-one (XXVIII) [vmsx, 670 cm. (axial bromine)]. This ketone furnishes the crystalline 
dibenzyl thioketal (XXVII), which is smoothly desulphurised by deactivated Raney 
nickel 4414 in ethanol at 70° to 68-bromo-5«-cholestane (XXVI), m. p. 125°, [a], —15°, 
Vmax. 660 cm.-! (axial bromine), giving a large m. p. depression with 6«-bromo-5a-cholestane, 
m, p. 142°, {oJ,, +50°, vax. 710 cm. (see following paper). 

The reversal of the normal (Markovnikov) orientation of the addition of hydrogen 
bromide to cholesteryl acetate (XXIV —» XXIII) in the presence of oxygen suggests 
that the bromine atom, as opposed to the bromine cation, is the active agent in the reaction 
(XXIV—» XXV). The stereochemical outcome in that reaction is trans-diaxial 
addition, and it appears that not only carbonium ions ” and carbanions,5+** but also 
carbon radicals, unite with the appropriate species (X~, H*, or H) to furnish the more 
stable configuration. 

The established structure and configuration of the bromide (XXVI), taken together 
with the fixed conformation of steroid ring B, permit certain conclusions concerning the 
detailed mechanism of the reaction (XXIV—s» XXV), which may possess general 
validity for radical additions to cyclohexene systems: (a) the initiating bromine atom 


* Curiously, we were unable to effect radical addition of hydrogen bromide to cholest-5-ene under 
corresponding conditions. 


*§ Mauthner and Suida, Monatsh., 1894, 15, 85; Mauthner, ibid., 1906, 27, 421. 

** Grob and Winstein, Helv. Chim. Acta, 1952, 35, 782. 

7 Kwart and Weisfeld, J. Amer. Chem. Soc., 1956, 78, 635. 

*8 Barton and Head, J., 1956, 932. 

*® Urushibara and Mori, J. Chem. Soc. Japan, 1943, 64, 1285; cf. Chem. Abs., 1947, 41, 3807. 
*® Kon, J. Chem. Soc. Japan, 1943, 64, 405; cf. Chem. Abs., 1950, 44, 7336. 

*t Barton and Robinson, J., 1954, 3045. 

%2 Roberts and Shoppee, /., 1954, 3418. 
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traverses preferentially that reaction co-ordinate which produces an axial bromine 


substituent; (b) the intermediate carbon radical acquires a thermodynamically preferred 
pyramidal configuration, provided that any configurational inversion is fast compared 
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with the final radical transfer. Thus the apparently stereospecific reaction (XXIV —» 
XXV) could be written as (XXIVa) —» (XXVa). 


4 H H 
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Consistently, the anti-Markovnikov addition of hydrogen bromide in the presence of 
benzoyl peroxide to the conformationally flexible 1-methylcyclohexene (XXIXa, b) (and to 
1-chloro- and 1-bromo-cyclohexene) affords 100% of the trans-diaxial product (-+)-cis-2- 
bromo-l-methylcyclohexane (XX Xa, b).** 


Me 

om —_— > Br j —_-O 7 —> = ty 
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Mef' “uy : Me Me 

r 
(XXIXb) (XXXb) 


Brand and Stevens ™ regard (Q) as the conformation initially produced in the radical 
addition of nitrogen dioxide to 1-methylcyclohexene, which furnishes 100% of the érans- 
diaxial adduct; they attribute, in our view correctly, this exclusive trans-addition to 
steric compression, especially 1,3-diaxial repulsions, so that the life of (P) is short in 
comparison with that of (Q). 


83 Goering, Abell, and Aycock, J. Amer. Chem. Soc., 1952, 74, 3588; Goering and Sims, ibid., 1955, 
77, 3465. 
%4 Brand and Stevens, J., 1958, 629. 
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The photocatalysed anti-Markovnikov addition of hydrogen bromide at —70° to cis- 
and trans-2-bromobut-2-ene reported by Goering and Larsen * is not completely stereo- 
specific; the cis-isomer (XXXI) gives 92% of meso-2,3-dibromobutane (XXXII) with 5% 
of the racemic variety (XXXIV), whilst the trans-isomer (XXXIIT) gives 83% of racemic 


Br am Br Oh Br 
. im ea. a 

Br 7 aoe “his —p Breeg Beeb p Se eees ee omni em 
Me Me Me Me Me H Me 

(XXX1) (R) (XXXII) 

Br. Br Br. Br 

Brgy Me —_> Bes rk Oe dqpesees Me ~ esMe _— Mem —\ me 
Me H H H H 

(XXXII) (S) (XXXIV) 


2,3-dibromobutane (XXXIV) with 8% of the meso-form (XXXII). These results can be 
interpreted in respect of the major products as reflecting the increase in thermodynamic 
stability resulting from inversion of configuration at C,) with elimination of the eclipsed 
and gauche (skew) interactions in conformations (R) and (S), and in respect of the minor 
products by the assumption that the rate of the final radical transfer is comparable with 
that of the inversion, so that hydrogen transfer to the conformations (R) and (S) gives (by 
cis-addition) the racemate (XXXIV) and the meso-form (XXXII), respectively.* 

It may be noted that radical addition of thiolacetic acid ** to, inter alia, 1-methyl- 
cyclohexene gives mixtures of évans- and cis-products in proportions which vary with the 
conditions; we are investigating the corresponding reaction for the conformationally 
unambiguous cholest-5-ene system. 


EXPERIMENTAL 


[a], relate to ~1% CHCl, solutions; ultraviolet absorption spectra were measured for EtOH 
solutions on a Uvispek spectrophotometer; infrared absorption spectra were determined, on a 
Perkin-Elmer Model 21 instrument for CS, solutions. Compounds submitted for analysis 
were generally dried in a high vacuum for 2—3 hr. at ~20°. 

Unsuccessful Hydrogenations.—Only starting material was recovered after the following 
attempted hydrogenations at room temperature: 

5a,68-Dichlorocholestane ! (200 mg.) with pre-reduced Adams catalyst (40 mg.) and ethyl 
acetate (60 ml.). 

5a,68-Dichlorocholestan-38-ol: 4? (a) 200 mg., with pre-reduced Adams catalyst (500 mg.) 
and ether (50 ml.)—water (10 ml.); (b) 500 mg., with pre-reduced Adams catalyst (500 mg.), 
acetic acid (100 ml.), and perchloric acid (2 drops); (c) 500 mg., with pre-reduced Adams 
catalyst (500 mg.), ethyl acetate (50 ml.), acetic acid (20 ml.), and perchloric acid (2 drops) ; 
(2) 67-6 mg., with Willstatter-Waldschmidt-Leitz’s platinum black (102 mg.) in ether (6 ml.) 
and water (3 ml.); (e) an experiment with the alcohol (69 mg.) and similar platinum black 


* Dr. H. Goering, in a personal discussion at the University of Wisconsin, pointed out that telo- 
merisation is not observed in radical additions of hydrogen bromide to olefins, and suggested that the 
species undergoing addition may be, not the olefin, but a hydrogen bromide a-complex, which after 
attack by Br: leads immediately to a trans-addition product. 


* Br 
Do ... + Br 


** Goering and Larsen, J]. Amer. Chem. Soc., 1957, 79, 2653. 
%* Bordwell and Hewett, J. Amer. Chem. Soc., 1957, 79, 3493. 
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(200 mg.) in dibutyl ether (6 ml.) and water (3 ml.) gave a mixture whence only cholestanol, 
double m. p. 118°/139°, was isolated. We are indebted to Mr. A. Stéssl, of Imperial College 
of Science and Technology, London, for experiments (d) and (e). 

Addition of Iodine Monochloride to Cholest-5-ene.—lodine monochloride (0-75 g.) in acetic 
acid (10 ml.) was added to cholest-5-ene (1 g.) in dry ether (10 ml.) at 20°. The mixture was 
poured immediately into an excess of sodium hydrogen carbonate solution; extraction with 
ether, followed by washing with sodium hydrogen sulphite solution, gave 5a-chlovo-68-iodo- 
cholestane, crystallising as white plates from acetone, m. p. 95°, [a], —30°, vmax. 650cm.. The 
sample darkened slightly whilst awaiting analysis and decomposed rapidly when kept (Found: 
C, 61-7; H, 8-9. C,,H,,Cll requires C, 60-8; H, 8-7%). 

Hydrogenation of 5a-Chloro-68-iodocholestane.—(a) 5a-Chloro-68-iodocholestane (200 mg.) 
was shaken with pre-reduced Adams catalyst (50 mg.) in ethyl acetate (40 ml.) under hydrogen 
for 1 hr. The usual working-up gave a product, crystallising from acetone and having m. p. 
75—77°, [a], —13° (Found: C, 78-7; H, 11-1. Calc. for C,,H,,Cl: C, 79-65; H, 11-6%), which 
was probably impure 5a-chlorocholestane. 

(b) 5«-Chloro-68-iodocholestane (200 mg.) was shaken with pre-reduced Adams catalyst 
(50 mg.) in ether (40 ml.) and hydrogen for 1 hr. The usual working-up gave a product 
(unsaturated to tetranitromethane; probably a mixture of 5«-chlorocholestane and cholest-5- 
ene), m. p. 72—75°, [a], —30° (Found: C, 81-4; H, 11-7. Calc. for C,,H,,Cl: C, 79-65; 
H, 11-6%). 

(c) The mixed halide (200 mg.) was shaken with pre-reduced Adams catalyst (50 mg.) and 
sodium hydrogen carbonate (1 g.) in ether (50 ml.) under hydrogen for 2 hr. The solution 
than gave mainly unchanged 5a-chloro-68-iodocholestane (160 mg.), m. p. 90—95° (Found: 
C, 62:0; H, 8-7. Calc. for C,,H,,ClI: C, 60-8; H, 8-7%). 

(d) 5«-Chloro-68-iodocholestane (1-3 g.) was shaken with pre-reduced Adams catalyst 
(200 mg.) and sodium hydrogen carbonate (1 g.) in ethyl acetate (70 ml.) and hydrogen for 
8 hr. (60 ml. absorbed). The usual working-up gave cholest-5-ene (970 mg.), m. p. 88°, {a}, 
— 56° (Found: C, 87-1; H, 12-5. Calc. for C,,H,,: C, 87-6; H, 12-4%). 

58,68-Epoxycholestane.—(a) Cholest-5-ene (m. p. 90°; 5 g.) in benzene (150 ml.) was treated 
with a benzene solution of perbenzoic acid (1-2 mol.) at 0° for 3 days. No separation of the 
a- and 8-isomers was obtained by chromatography, but recrystallisation from ethanol gave 
5«,6a-epoxycholestane (3-5 g.), m. p. 80°, and repeated recrystallisation of the residue from the 
mother-liquors from ethanol gave 58,68-epoxycholestane *7 (200 mg.), m. p. 56°, [a],, —9°. 

(b) 6-Nitrocholest-5-ene *° was converted into 5a-cholestan-6-one by reduction with zinc 
dust. This ketone (3-22 g.) in ether (85 ml.) and acetic acid (25 ml.) with bromine in acetic 
acid (16 ml. of 2-8% v/v solution; 1-05 mol.) yielded 5«-bromocholestan-6-one, m. p. 101—102°, 
[a],, —139° (lit.,? m. p. 101°, [a], —146°). Reduction of this bromo-ketone (2-83 g.) in dry 
ether (100 ml.) with lithium aluminium hydride (62 mg.) at 35° for 10 min., followed by 
working-up in the usual manner, gave an oil which was chromatographed on aluminium oxide 
(90 g.) in pentane. Elution with pentane (3 x 25 ml.) gave 58,68-epoxycholestane (400 mg.), 
m. p. 55—57°, [a],, —9°, after crystallisation from acetone. 

(c) Treatment of 5a-cholestan-5a,68-diol 1? (3 g.) in chloroform (60 ml.) with acetyl chloride 
(24 ml.) in the presence of dimethylaniline (30 ml.) under reflux for 16 hr., followed by the 
usual isolation procedure, gave the diacetate as an oil (even after chromatography). This oil 
was heated with sodium hydroxide (3-75 g.) in ethanol (150 ml.) at 80° for 2-5 hr.; the product, 
was chromatographed on aluminium oxide (90 g.) in pentane. Elution with pentane (10 x 25 
ml.) gave 58,68-epoxycholestane (2-2 g.), m. p. 78°, [a], —1° (lit.,6 m. p. 80—81°, [a], +8°). 
A personal communication from Professor H. B. Henbest reports a repetition of the above 
experiment to give a product, m. p. 79—80°, [a], +1°. 

5a-Bromo-68-chlorocholestane.—58,68-Epoxycholestane (m. p. 78°, [a], —1°; 500 mg.) was 
dissolved in acetic acid (50 ml.) containing hydrogen bromide (105 mg.). The specific rotation 
determined immediately thereafter was [a],, —26°, which was unchanged after 10 min. The 
solution was poured into aqueous sodium hydrogen carbonate. The usual isolation procedure 
gave 5a-bromocholestan-6§8-ol as an oil. Treatment of this oil with thionyl chloride (5 ml.) for 
12 hr. at 20°, followed by isolation in the usual manner and chromatography on aluminium 
oxide (15 g.) and elution with pentane (4 x 25 ml.), gave 5a-bromo-68-chlorocholestane (470 mg.), 
which recrystallised from ethanol as plates, m. p. 111°, {a],, —46° (Found: C, 66-4; H, 95. 
C,,H,,BrCl requires C, 66-7; H, 9-5%). 
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This product was recovered unchanged after attempted hydrogenation with pre-reduced 
Adams catalyst in ethyl acetate, ether, dioxan, or acetic acid containing perchloric acid. When 
it (100 mg.) was shaken in hydrogen with pre-reduced Adams catalyst (100 mg.) in ether (40 m1.) 
and water (10 ml.) for 2 hr., the aqueous layer contained halide ion, and evaporation gave an 
oil, which crystallised from methanol to give 5a-cholestane, m. p. 75—80° (Found: C, 87-0; 
H, 12-7. Calc. for C,,Hy,: C, 87-1; H, 129%). 5a-Bromo-68-chlorocholestane (200 mg.) in 
ether (20 ml.) was unchanged when treated with lithium aluminium hydride (140 mg.) at 35° 
for 1 hr. 

Attempted Preparation of 68-Chloro-5«-iodocholestane.—5B,68-Epoxycholestane (m. p. 78°, 
fal, —1°: 100 mg.) was treated with hydrogen iodide (20 mg.) in acetic acid (10 ml.) for 5 min. 
The solution was poured into aqueous sodium hydrogen carbonate and the usual isolation 
procedure gave an oil (70 mg.) which, treated with thionyl chloride (1 c.c.) for 2 hr., gave 
cholest-5-ene, m. p. 87—88°, [a],, —53°. 

5a,68-Dichlorocholestan-3-one.—5a,68-Dichlorocholestan-38-ol+? (11 g.) in acetic acid 
(200 ml.) and ether (50 ml.) was heated for 1 hr. at 50° with chromium trioxide (2-5 g.) in water 
(5 ml.). The product recrystallised from acetone to give 5a,6$-dichlorocholestan-3-one +? 
(6-4 g.) as needles, m. p. 114—116°. 

68-Chlorocholest-4-en-3-one.—5a,68-Dichlorocholestan-3-one (5-8 g.) in ethanol (250 ml.) 
was treated with freshly fused potassium acetate (6 g.) at 80° for 1 hr. Dilution with water, 
extraction with ether, and crystallisation from ethyl acetate—methanol, gave 68-chlorocholest- 
4-en-3-one as needles, m. p. 127—128°, Amax, 241 my (log ¢ 4-17) [lit.,2 m. p. 129°, Anax 241 
(log e 4-18)]. 

Partial Hydrogenation of 68-Chlorocholest-4-en-3-one.—68-Chlorocholest-4-en-3-one (1-4 g.) 
was shaken in hydrogen with pre-reduced Adams catalyst (100 mg.) in acetic acid (55 ml.) for 
30 min. (69 ml., 1 mol., absorbed). The catalyst was removed and the solution, concentrated 
in a vacuum, poured into water, and extracted with ether to give a colourless oil (1-2 g.). This 
was chromatographed on neutralised aluminium oxide (30 g.); elution with pentane gave 
cholest-4-en-3-one (814 mg.), m. p. 78—80°, giving a red 2,4-dinitrophenylhydrazone, m. p. 
and mixed m. p. 228°. 

6a-Chloro-5a-cholestan-4-one.—Cholest-5-en-4-one !* (500 mg.) in dry chloroform (10 ml.) 
was treated with a stream of dry hydrogen chloride for 2hr. Extraction with ether and isolation 
in the usual way gave 6a-chloro-5a-cholestan-4-one (400 mg.) as prisms (from acetone), m. p. 
88—89°, Vmax. 770, 777s, [a], +1° (Found: C, 77:5; H, 10-5. C,,H,,ClO requires C, 77-05; 
H, 10-7%). This ketone (1-0 g.) was dissolved in toluene-e-thiol (2 ml.) and cooled to 0°; then 
a suspension of 72%, aqueous perchloric acid (2 drops) in the thiol (3 ml.) was added. The 
mixture was shaken for 2 min., and after a further 10 min. water was added and the product 
isolated with ether in the usual way. This gave an oil (1-2 g.), which was chromatographed 
on aluminium oxide (30 g.) in hexane. Elution with benzene—hexane (1:5; 4 x 25 ml.) gave 
the dibenzyl mercaptal (480 mg.), m. p. 57—58°. 

6a-Chloro-5a-cholestane.—The above mercaptal (480 mg.) in ethanol (50 ml.) was heated 
with deactivated Raney nickel 114 (4 g.) at 70° for 4hr. After filtration and concentration to 
10 ml. in a vacuum, the product (310 mg.) separated at 0°. Recrystallisation from acetone 
gave 6a-chloro-5a-cholestane, m. p. 148—149°, [a],, +43° (Found: C, 79-6; H, 11-5. Calc. for 
C,,H,,Cl: C, 79-65; H, 11-6%), which did not depress the melting point of an authentic sample.*? 

Chlorination of 3 -Acetoxy-5a-cholestan-7-one.—(a) Acid-catalysed. A solution of the 
ketone 12° (2-5 g.; m. p. 142°, vmax 1737, 1236 (OAc), and 1713 cm.-! (CO) in acetic acid (50 
ml.) was treated with a freshly prepared solution of chlorine (1-6 g., 4 mol.) in acetic acid (30 
ml.) at 20° for 1 hr. Water (50 ml.) was added, and the precipitated solid was filtered off, to 
give a crude product, m. p. 118—145°. Repeated crystallisation from acetone gave 36-acetoxy- 
5a-cholestan-7-one (520 mg.), m. p. 142° (Found: C, 78-1; H, 10-6. Calc. for C.,H,,0O,: C, 78-4; 
H, 108%). Evaporation of the acetone mother-liquors gave a solid (1-8 g.), which was 
chromatographed on neutralised aluminium oxide ** (50 g.) in pentane. Elution with benzene— 
pentane (3:2; 2 x 50 ml.) gave a solid, m. p. 90—105° (270 mg.), which was not identified 
(Found: C, 77-7; H, 10-3%), but elution with benzene (6 x 50 ml.) and ether—benzene (1: 10; 
6 x 50 ml.) afforded 38-acetoxy-6«-chloro-5«-cholestan-7-one (1-3 g.), crystallising as needles 





37 Shoppee, Howden, and Lack, following paper. 
88 Reichstein and Shoppee, Discuss. Faraday Soc., 1949, 7, 205. 
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(from acetone), m. p. 165°, [a], 0°, Amax. 280 my, Vmax. 1738, 1234 (OAc), 1735 cm. (CO adjacent 
to one equatorial Cl atom). This ketone did not give a dibenzyl mercaptal when treated as 
above, or a 2,4-dinitrophenylhydrazone. 

(b) Base-catalysed. The ketone (500 mg.) in acetic acid (60 ml.) at 90° was added to 
anhydrous potassium acetate (2-25 g.) in acetic acid (15 ml.) at 90° and treated immediately 
with chlorine (300 mg.) in acetic acid (10 ml.) at 90° for 0-5 hr. On dilution with water and 
isolation in the usual manner, unchanged material (410 mg.; m. p. and mixed m. p. 142°) 
was obtained. 

Chlorination of Cholesta-3,5-dien-T-one. This ketone ! (2 g.) in acetic acid (15 ml.) was 
treated with chlorine (380 mg.) in acetic acid (10 ml.) at 20° for 1 hr. The usual isolation 
procedure gave a pale yellow oil, which was chromatographed on neutralised aluminium oxide * 
(60 g.) in pentane. Elution with benzene—pentane (1:10, 7 x 20 ml.) gave 6-chlorocholesta- 
3,5-dien-7-one (385 mg.); recrystallised from acetone, this had m. p. 137—138°, Amax, 294 mu 
(log ¢ 4-3), Vmax, 1689 cm. (Found: C, 77-6; H, 10-1. C,,;H,,ClO requires C, 77-8; H, 9-9%). 
Further elution with benzene—pentane (1:1; 2 x 50 ml.) and with benzene (2 x 50 ml.) gave 
unchanged cholesta-3,5-dien-7-one (1-0 g.), m. p. and mixed m. p. 112—114°. 

Cholest-5-en-7-one.—Cholesta-3,5-dien-7-one (4:8 g.) in acetic acid (50 ml.) was shaken 
with 20% palladium-charcoal (500 mg.) in hydrogen for 3 hr. until the theoretical quantity 
of hydrogen was absorbed (280 ml.). The usual isolation gave cholest-5-en-7-one,* m. p. 
110—111°, Amex. 238 my (log ¢ 4:08), vingx, 1677 cm."1, giving a yellow 2,4-dinitrophenylhydrazone, 
m. p. 195°. 

Chlorination of Cholest-5-en-7-one.—Cholest-5-en-7-one (2 g.) in acetic acid (15 ml.) was 
treated with chlorine (380 mg.) in acetic acid (10 ml.) at 20° for 1 hr. Isolation in the usual 
manner gave an oil, which was chromatographed on neutralised aluminium oxide ** (60 g.) in 
pentane. Elution with pentane (5 x 20 ml.) and with benzene—pentane (1:10, 5 x 25 ml.) 
gave unchanged material (800 mg.), m. p. and mixed m. p. 110—111°. Further elution with 
benzene—pentane (1:10, 3 x 25 ml.) gave 6-chlorocholest-5-en-7-one (380 mg.), needles (from 
acetone—methanol), m. p. 145°, Amax, 253 mu (log ¢ 4:02), vagy 1693 cm. (Found: C, 77:1; 
H, 10-6. C,,H,,ClO requires C, 77-4; H, 10-3%). ? 

Chlorination of 5a-Cholestan-7-one.—(a) This ketone *°*3 [1 g.; m. p. 117°; Amax 288 mu (log 
€ 1-6); Vmax 1709 cm.~*]} in ether (30 ml.) was treated with chlorine (240 mg., 1-3 mol.) in acetic 
acid (20 ml.) at 20° for 3 hr. After the addition of water (30 ml.), the white solid was filtered 
off and recrystallised from acetone, giving 6a-chloro-5«-cholestan-7-one (950 mg.), m. p. 137°, 
Amax, 286 my (log ¢ 1-6), ¥ngx 1731 cm.“! (Found: C, 76-85; H, 10-9. C,,H,;ClO requires C, 
77-0; H, 10-7%), which gave neither a dibenzyl mercaptan nor a 2,4-dinitrophenylhydrazone. 

(6) 5a-Cholestan-7-one (200 mg.), in acetic acid (20 ml.) at 90°, was added to anhydrous 
potassium acetate (750 mg.) in acetic acid (5 ml.) at 90°, and was immediately treated with 
chlorine (150 mg., 4 mols.) in acetic acid (10 ml.) at 90° for lL hr. On cooling in ice, unchanged 
material separated (m. p. 115°, Amax, 288 My, Vmax, 1709cm.“). Addition of water to the mother- 
liquor, followed by the usual isolation, gave more of it (110 mg.), m. p. 115°. 

68-Chloro-5a-cholestane.—(a) 6a-Bromo-5a-cholestane *7 (200 mg.), m. p. 141°, [a], + 50°, 
Vmax. 710 cm.4, was treated with tetrabutylammonium chloride *® (500 mg.) in dry dioxan 
(10 ml.) at 100° for 1 hr., then cooled to 0°. Water (10 ml.) was added and the precipitate was 
filtered off; recrystallisation from acetone gave 6a-bromo-5a«-cholestane (100 mg.), m. p. 142°, 
fa], +45°. Extraction of the acetone mother-liquors and the original filtrate with ether, 
followed by evaporation, gave a further yield of the 6«-bromide (50 mg.), m. p. 141°. Repeated 
recrystallisation from methanol of the residue from the mother-liquor gave 66-chloro-5a- 
cholestane (6-5 mg.), m. p. 91—92°, [a], +2° (Found, on <2 mg.: C, 80-5; H, 13-2. C,,H,Cl 
requires C, 79-65; H, 11-6%). 

(b) 6«-Bromo-5a-cholestane (200 mg.) was treated with tetrabutylammonium chloride 
(500 mg.) in dry dioxan (10 ml.) at 100° for 24hr. The usual isolation procedure gave a product, 
m. p. 80—120°. Repeated recrystallisation from acetone gave 6«-bromo-5a-cholestane (70 mg.), 
m. p. 140°; material from the mother-liquor, on repeated recrystallisation from methanol, 
gave a product (30 mg.), m. p. 80—81°, [a],, —20°, with, however, Vmax, 696 cm.? (Found: 
C, 84:5; H, 12-2%). This product gave a yellow colour with tetranitromethane and was a 
mixture of 68-chloro-5a-cholestane with much cholest-5-ene. 

(c) 6«-Bromo-5a-cholestane (200 mg.) was treated with tetraethylammonium chloride 
%® Hughes, Ingold, Mok, Patai, and Pocker, J., 1957, 1228. 
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(1 g.) in dry dioxan at 100° for 3 hr. The usual isolation procedure gave a solid, whence 
repeated recrystallisation from acetone afforded unchanged bromide *’ (82 mg.), m. p.-140— 
142°, Vmax. 710 cm.+; evaporation of the mother-liquors followed by repeated recrystallisation 
from methanol gave 6$-chloro-5a-cholestane (20 mg.), m. p. 94°, [aJ,, —2°, Vmax. 696 cm.“! (Found: 
C, 79-9; H, 11-8%). 

Attempted Partial Hydrogenation of 5«,68-Dibromocholestane.—No hydrogenation occurred 
with 5% palladium-charcoal in ether-methanol. With Adams catalyst in ethyl acetate, 
5a-cholestane was obtained. 

Treatment of 5«,68-Dibromocholestane with Lithium Aluminium Hydride.—5«,68-Dibromo- 
cholestane (200 mg.) in dry ether (20 ml.) was treated with lithium aluminium hydride (14 mg.) 
for 0-25 hr. at 0°. The usual working-up procedure gave unchanged 5«,68-dibromocholestane, 
m. p. 108° (180 mg.). Repetition of the experiment for 1-5 hr. at 35° gave 58,6a-dibromo- 
cholestane **** (160 mg.), m. p. 140—141°, [a], +31° (Found: C, 61-3; H, 8-6. Calc. for 
CyHyBr,: C, 61-1; H, 87%). 

Addition of Hydrogen Bromide to Cholesteryl Acetate.—(a) In absence of oxygen. Cholesteryl 
acetate (m. p. 115°; 2g.) in chloroform (50 ml.) was treated with a stream of hydrogen bromide 
under nitrogen at 20° for 1 hr. The usual isolation procedure gave a good yield of 38-acetoxy- 
§a-bromocholestane which crystallised from acetone in (i) plates, m. p. 126—127°, [a], +3° 
(lit.,3° m. p. 127°, [#J,, +3-5°), and (ii) long prisms, m. p. 131°, [a], +3°, exhibiting identical 
infrared absorption spectra, v,,x (in CS,) 665 cm.~, and (in Nujol) 580, 610w, 672 cm."1, and 
giving the same analytical figures [Found: (i) C, 68-7; H, 9-7; (ii) C, 68:3; H, 9-8. Calc. for 
C,,H,BrO,: C, 68-35; H, 9-7%]. 

(b) In presence of oxygen. Cholesteryl acetate (2 g.; dried by azeotropic distillation with 
benzene) in dry carbon tetrachloride (40 ml.) was treated simultaneously with streams of dry 
oxygen and dry hydrogen bromide at 20° for 1 hr. After addition of ether, solvents were 
completely removed at 20° in a vacuum; the product crystallised from acetone, to give 
38-acetoxy-68-bromo-5a-cholestane, m. p. 140°, {a],, —30° (lit.,2° m. p. 141°, [aj], —29°), vmax. 
(in CS,) 660 cm.*1, and (in Nujol) 533, 607w, 658 cm.! (Found: C, 68-6; H, 9-7%). 

68-Bromo-5a-cholestan-3B-ol.—38-Acetoxy-68-bromo-5a-cholestane (1 g.) in ether (30 ml.) 
was hydrolysed with a 1% solution of hydrogen bromide in methanol (30 ml.) at 20° for 16 hr. 
Solvent was removed in a vacuum at 20°; isolation in the usual way gave 68-bromo-5a-cholestan- 
38-ol (900 mg.), m. p. 107—108°, raised by recrystallisation from acetone to 112°, [a], —85°, 
Vmax. (in CS,) 665 cm.1, and (in Nujol) 534, 606w, 660 cm. (Found: C, 69-5; H, 10-3. 
C,,H,,BrO requires C, 69-35; H, 10-1%). 

66-Bromo-5a-cholestan-3-one.—68-Bromo-5a-cholestan-38-ol (1 g.) in ether-acetic acid 
(1:2; 15 ml.) was treated with a 2% solution of chromium trioxide in acetic acid (11 ml.) 
at 20° for 18 hr. After removal of acetic acid at 30° in a vacuum, the usual isolation procedure 
gave 68-bromo-5a-cholestan-3-one (910 mg.), m. p. 155—157°, [a], —6°5°, Vmax. (im CS,) 670 cm.*}, 
and (in Nujol) 530, 600w, 680 cm."1, after recrystallisation from acetone (Found: C, 69-3; 
H, 9:7. C,,H,;BrO requires C, 69-6; H, 9-7%). The ketone (0-5 g.) gave, on treatment as 
outlined above, a dibenzyl mercaptal (400 mg.), m. p. 149° (from acetone—methanol) (Found: 
C, 70-9; H, 8-5. C,,H,,BrS, requires C, 70-8; H, 8-5%). 

This mercaptal (500 mg.) was heated with deactivated Raney nickel }*™ (4 g.) in ethanol 
(50 ml.) at 70° for4hr. After filtration and concentration of the filtrate to 10 ml. in a vacuum, 
the product (350 mg.) separated on cooling to 0°. Recrystallisation from acetone gave 66- 
bromo-5a-cholestane, m. p. 125°, [a],, —16°, vinax. (in CS,) 660 cm. and (in Nujol) 536, 608w, 
663 cm.1 (Found: C, 71:6; H, 10-2. C,,H,,Br requires C, 71-8; H, 10-5%). 


We thank Professor Sir Christopher Ingold, F.R.S., for a gift of tetrabutylammonium 
iodide, Nicholas (Pharmaceuticals) Pty., Ltd., for a gift of cholesterol, and Dr. R. I. Cox, 
Department of Veterinary Physiology, University of Sydney, and Dr. R. Werner, Department 
of Chemistry, University of New South Wales, for determining some of the infrared spectra. 
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946. Steroids and Walden Inversion. Part XLVI.* 6«-Chloro- 
and 6«-Bromo-5«-cholestane. 


By C. W. SHopree, M. E. H. Howpen, and Rut Lack. 


5a-Cholestan-6«-0l with the phosphorus pentahalides or thionyl halides 
yields 6«-chloro- and 6a-bromo-5a-cholestane, the retention of configur- 
ation being supported by infrared spectroscopy and molecular rotation 
differences. 

These retentions of configuration are discussed and compared with the 
inversion, now demonstrated, on conversion of 5a-cholestane-38,6«-diol 
into 3«,68-dichloro-5«-cholestane by phosphorus pentachloride. 


SoME years ago Shoppee and Summers? attempted to prepare 6a-chloro-5«-cholestane (II) 
by treating 5a-cholestan-68-ol 4? (I; 5a-H/68-OH,érans, diaxial) with phosphorus penta- 
chloride; the sole product was, however, 5«,68-dichloro-5«-cholestane, which was believed 
to be formed by dehydration to cholest-5-ene and subsequent addition of chlorine derived 
from the equilibrium reaction, PC]; === PCI, + Cl,.2 We therefore attempted to obtain the 
6a- (II) and 68-halogeno-5«-cholestanes (IV) by treating 5«-cholestan-6a-ol }*° (ITI) with 
thionyl chloride or bromide, and with phosphorus pentachloride or pentabromide severally, 


SS wd 15 S 


OH Cl (Br) Cl (Br) 
(I) (II) (II): (IV) 










5a-Cholestan-6«-ol (III) with phosphorus pentachloride in benzene gave the 6«-chloro- 
compound (II) with retention of configuration: the infrared absorption spectrum exhibited 
peaks at 745 and 781 cm. corresponding with an equatorial carbon-chlorine stretching 
frequency, and a complete absence of bands in the 700—710 cm. region corresponding 
with an axial carbon-chlorine stretching frequency.*’ The chloride (II) is identical with 
the compound prepared by Stange ® by the reaction of the alcohol (III) with phosphorus 
pentachloride only. 

Professor D. H. R. Barton, F.R.S., has informed us (January 28th, 1958) that Mr. 
Pradhan, working in his laboratory in 1954, also found that 5a-cholestan-6«-ol (III) gave 
the chloro-compound (II) with both phosphorus pentachloride and thionyl chloride. 

Stange’s paper ® contains an error, inasmuch as the observed rotation is given as —0-70°, 
whereas the specific rotation is given as +45°. This discrepancy was noticed by Barton 
and Miller,® who regarded the negative sign of the observed rotation as correct and leading 
to a specific rotation of —45°; they therefore formulated Stange’s chloride as 68-chloro- 
5a-cholestane (IV) on the grounds that the replacement of hydroxyl by chlorine with 
phosphorus pentachloride in saturated compounds normally leads to inversion of configur- 
ation,” and that 68- are generally more levorotatory than 6a-chloro-steroids (see below). 
Barton and Miller derived support for their formulation (IV) by determination of {j, +51° 


* Part XLV, preceding paper. 


Shoppee and Summers, J., 1952, 1786, 1790, 3361, 3374. 

Reich and Lardon, Helv. Chim. Acta, 1946, 29, 675. 

Goering and McCarron, J]. Amer. Chem. Soc., 1956, 78, 2270. 
Tschesche, Ber., 1932, 65, 1842. 

Karrer, Asmis, and Schwyzer, Helv. Chim. Acta, 1951, 34, 1022. 
Barton, Page, and Shoppee, J., 1956, 331. 

Cummins and Page, ]., 1957, 3847. 

Stange, Z. physiol. Chem., 1933, 220, 37. 

Barton and Miller, J. Amer. Chem. Soc., 1950, 72, 370. 

Shoppee, J., 1946, 1138. 
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for a chloride, m. p. 150°, prepared by Heilbron ™ from 5«-cholestan-6«-ol (III) and thionyl 
chloride, which on account of its dextrorotation they regarded as 6«-chloro-5a-cholestane. 
We have also obtained this chloride, m. p. 149°, {a],, +-46°, in the same way, in poor yield, 
and it is identical with 6«-chloro-5«-cholestane (II). 

It is possible that the secondary chloride, m. p. 91°, [a], +36°, isolated by Seng !* from 
the mixture obtained by treatment of an ethereal solution of cholest-5-ene with ethanolic 
hydrogen chloride, may be a hydrate, not of 68- (IV),"* but of 6a-chloro-5a-cholestane (IT) ; 
however, Barton and Schaeppi !* were unable to confirm the formation of a 6-chloro-5«- 
cholestane under the conditions reported by Seng.!” 

5a-Cholestan-6«-ol (III) with phosphorus pentabromide in chloroform or in benzene 
gives, again with retention of configuration, 6«-bromo-5«-cholestane (II), m. p. 141—142°, 
(i, +50°, vmax. 710 cm.* (equatorial C-Br; subsidiary peaks at 724 and 753 cm.*; no 
bands at ~690 cm.). This bromide is also obtained in poor yield from 5a-cholestan-6«-ol 
(III) by treatment with thionyl bromide, along with some 5a-cholestan-6a-yl sulphite. 

All attempts to substitute halogen for hydroxyl in 5a-cholestan-68-ol (I), using the 
thionyl halides and the phosphorus pentahalides under various conditions, resulted only 
in elimination to give cholest-5-ene. 

The properties of the 6a-halogeno-5«-cholestanes (II), and of the 68-epimers (IV) (see 
preceding paper) are summarised in Table 1. 


TABLE 1. 
Halogen 
6-Halogeno-5a-cholestane M. p. [a]p Vmax.(cm.“4) conformn. 
EY scactartiudindesncquintivinsseessosquaenetos 148° +45° 745, 781 eq 
SET 65. SeNiguapaeenveseesel ngdsadtiacesecotimmaeits 94 —2 696 ax 
DIIIDY. <p encnanchadl taaliit beens dcconsieisbocanehelaad 142 +50 710, 724 eq 
eee eae rere eee 125 —16 665 ax 


The infrared spectroscopic evidence quoted above is supported by molecular rotation 
differences for 5a-, 6«-, and 68-chlorine and -bromine atoms (see Tables 2 and 3) 
which we have calculated from rotations recorded in the literature (except for 5-bromo- 
5a-cholestane }), using the standard A values of Barton and Klyne 1* and our own values 
for A38-Cl and A38-Br. The contributions of 5a-chlorine and 5a-bromine atoms are 
negative, namely, in the absence of vicinal action, —70° and —75°, respectively. 

The contribution of a 6a-halogen atom is positive (Cl, +92°; Br, +135°), whilst that 
of a 68-halogen atom is negative (Cl, —100°; Br, —163°), a difference in sign that appears 
to be characteristic of 6-substituents; in the A/B-trans-series A values for 6«-OH,2* -OAc,?® 
-NH,,” and -NHAc™ are +55°, +210°, +58°, and +175°, and for the 6$-analogues 
are —60°, —110°, —67°, and —141°, respectively. Table 3 shows that the A6a-Hal and 
A68-Hal values agree (with one exception which is within the experimental error of +10— 
15 units) amongst themselves in sign, and, in the absence of marked vicinal action, in 
magnitude. There can be no doubt that the configurations of the 6a- (II) and 68-halides 
(IV) are correct. 

Now, retention of configuration requires the operation of an intramolecular mechanism 
(Syi), involving a pyramidal transition state, which is promoted by electron-releasing 
groups and by conditions inhibiting ionisation; 1*!® retention of configuration in the 
conversion of 5a-cholestan-6a-ol (III) into the 6«-halogeno-5a-cholestanes (II) by both 


" Heilbron, personal communication. 

1 Seng, Inaug. Diss., Géttingen, 1918, 29, 39. 
8 Georg, Arch. Sci., 1953, 6, 410. 

“ Barton, Experientia, 1955, Suppl. II, p. 128, footnote 2. 

8 Shoppee, Lack, and Howden, unpublished work. 

%® Barton and Klyne, Chem. and Ind., 1948, 755. 

1 Shoppee, Evans, and Summers, J., 1957, 97. 

*® Cowdray, Hughes, Ingold, Masterman, and Scott, J., 1937, 1252. 
%” Dostrovsky, Hughes, and Ingold, J., 1946, 186. 
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TABLE 2. A5a-Cl and A5da-Br in the 5«-cholestane series. 










































Compound M. p. [a]p [Mp A5a-Hal ‘ 
Ba-Chlovocholestame — .......cccsccccccccccvceccescesceecs 96° +65° +21° —70° C 
5a-Chlorocholestan-3A-ol ..........csceccereceseseeeees 164 +6 +25 — 65 f 
38,5a-Dichlorocholestane ..........scsssceseceeeeeeceee 117 +12 +53 —57 d 
5a-Chlorocholestan-6B-ol ..........-.sceeeseeseeeeeeees 108 —22 —93 — 124 f 
5a-Chlorocholestane-38,68-diol  ...........sseeeeeees 171 —22 —97 — 126 1 
5a-Chlorocholestane-38,68-diol 3-acetate ......... 190 —24 —115 —116 t 
5a-Chlorocholestane-38,68-diol 3-benzoate ...... 130 —20 —108 — 150 t 
SPOON * Scevcvssscscsccctcccedeccszccescoees 80 +4 +16 —75 
5a-Bromocholestan-3f-yl acetate .............++++- 127 +3 +15 —45 
5a-Bromo-3f-chlorocholestane — ..........ssseeeeeees 107 +3 +15 —95 
38,5a-Dibromocholestane ..........sceceseesceereeeeees 101 +5 +25 —8s9 
5a-Bromocholestan-6B-0l ............csccceeeeeeseeeees 110 —11 —51 —90 
5a-Bromocholestane-38,6B-diol ............0+e+e++: 128 —38 — 184 — 220 
5a-Bromocholestane-38,68-diol 3-acetate ......... 177 —37 —194 — 202 
5a-Bromocholestane-38,68-diol 3-benzoate ...... 173 —22 —129 — 169 

TABLE 3. A6«-Cl, A68-Cl, A6a-Br, and A68-Br in the 5a-cholestane series. 1 
Compound M. p. [a]p [M]p A6-Hal ¢ 
Ca-Chlov0-Ga-cholestane .........0ccccccscsscccsecccesees 148° +45° +1838° +92° a 
5a,6a-Dichlorocholestan-3B-ol ...........c.csseeeeeees 172 +2 +9 —10 f 
5a,6a-Dichlorocholestan-38-yl benzoate ......... 249 +12 +67 +43 ‘ 
CB-Chlov0-Ga-cholestane .........0cccccccccessccssccceees 94 —2 —8 —100 
68-Chloro-5a-cholestan-3B-ol  ........sceeeeeeceeeeees 136 —21* —89 —178 C 
3a,68-Dichloro-5a-cholestane ...........sceseeeereers 130 +10 +44 —80 q 
6B-Chlorocholestan-5a-Ol ...........cccceceeeeeeeeeenes 119 —6 —25 — 64 , 
68-Chlorocholestan-38,5a-diol ..............cseeeeeees 173 —8 —35 —72 
68-Chlorocholestan-38,5«-diol 3-acetate ......... 191 —27 —128 —120 q 
5a,68-Dichlorocholestane .............ccssessssseecsees 119 —29 —128 — 149 
5a,68-Dichlorocholestan-3f-ol ............sceseeeeeees 143 —27 —123 — 142 
5a,68-Dichlorocholestan-3f-yl acetate ............ 89 : —29 —145 —155 
5a,68-Dichlorocholestan-38-yl benzoate ......... 130 — 20 —112 — 136 
5a-Bromo-68-chlorocholestan-3f-ol — ...........++++ 146 —47 — 236 —251 
5a-Bromo-68-chlorocholestan-3f-yl benzoate ... 124 —35 —212 — 231 
38,5a,6B8-Trichlorocholestane ............ssseseeeeees 106 —35 — 166 — 202 
6a-Bromo-Ba-cholestane .......0ccscccccccccscceceesveees 141 +50 +225 +135 
6B-Bromo-5a-cholestane ........0.ccccececcceeceeeeeeseee 125 —16 —72 — 163 
68-Bromo-5a-cholestan-3B-0l  ...........eceeeeeeeeees 112 —9 —42 —131 i 
68-Bromo-5a-cholestan-38-yl acetate ..............+ 141 — 29 — 146 — 206 . 
68-Bromo-5a-cholestan-3-one ............ceeeeeeeeeee 157 —6 —28 —198 ! 
68-Bromocholestan-5a-0l ..........sccecceeveeeeeeeees 109 —ll —5l1 —90 I 
68-Bromo-38-chloro-5a-cholestane ...........+.++0++ 156 —8 —40 — 146 I 
38,68-Dibromocholestane ..............scceceeeeeeeeees 154 —12 — 64 —178 
5a,68-Dibromo-5a-cholestane ..............eceeeeeees 106 — 40 —212 — 228 q 
5a,68-Dibromocholestan-3f-ol ............sceeeceeeee 114 44 — 240 —254 t 
5a,68-Dibromocholestan-38-yl acetate ............ 112 —46 —271 — 290 P 
5a,68-Dibromocholestan-3f-yl benzoate ......... 135 —33 —215 — 239 : 
$8-Chloro-5a,68-dibromocholestane f_............ 130 —5l1 — 288 — 330 C 
38,5«,68-Tribromocholestane ...........csceceseeeeee 112 —5l —3l1l — 350 
* [a]sae1. ¢ This compound has been found independently to have m. p. 133°, [«]p —52° (Shoppee, ( 
unpublished data). t 
phosphorus pentahalides and thiony] halides is rational only if structural influences favour ‘ 
mechanism Syi sufficiently to suppress mechanism Sy2.” In the case of 5a-cholestan- 
6a-ol the structural influences must be steric, not electronic or electrostatic, 7.¢., repulsive t 
exchange interactions following an inverse high-exponential function of distance at I 
separations less than the sum of the van der Waals radii of the atoms concerned.” The ‘ 


fixed chair conformation of ring B hinders formation of the linear transition state at C@ 

required for replacement of the equatorial 6«-hydroxyl group by mechanism Sy2; the 

axial 68-hydrogen atom must become coplanar with the 5,6- and 6,7-bonds, and the halide 

ion must traverse a reaction co-ordinate close to the ®-face of ring B and so encounter 
2° Shoppee, /., 1946, 1147. 


*! Ingold, “‘ Structure and Mechanism in Organic Chemistry,” G. Bell and Son, London, 1953, pp. 
33 ef seq. 
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steric repulsion by the 48- and 88-hydrogen atoms and the 106-methyl group. On the 
other hand, formation of a complex, R-O-PCl, or R-O-SOCI, by the equatorial 6a-hydroxyl 
group is subject only to 1,2-interactions with the 5«-, 7«-, and 78-hydrogen atoms and the 
4-methylene group, whilst the Syi rearrangement of the complex is believed to be largely 
immune from steric retardation. Since the Sy2 mechanism is subject to steric retardation, 
the equilibrium furnishing ions derived from the complex may be rendered ineffective by 
the relative facility of the Syi mechanism: 


i Sei H H Hal 
st wad st all - Sx? on 
Po! TS Fe Sapoene 7C,g «+ Hal oe Die 
(II) : : . Slow (LV) 
Hal O-PHal, O-PHal; H 


Of the numerous substituted 68-halogeno-5a-cholestanes (Table 3), one is of special 
interest. By treatment of 5a-cholestane-38,6a-diol 22 (V) with phosphorus penta- 
chloride, Windaus * obtained a 3é,6&-dichloro-5«-cholestane, m. p. 128°, which Shoppee 
and Summers?! regarded as 3«,68-dichloro-5a-cholestane (VI). Dr. Summers has found 
for this compound (m. p. 130°, {«],, +10°) a single, very intense, infrared band free from 
shoulders at 714 cm. (cf. 3«-chloro-5«-cholestane * 707, 68-chloro-5«-cholestane 696, and 
other 68-chloro-derivatives * 706—707 cm.'). Both chlorine atoms are therefore axial 
and structure (VI) is confirmed. Further proof comes from molecular rotation differences : 
The calculated specific rotations for the four 3,6-dichloro-5«-cholestanes are: 3a,68-, +5°; 
38,68-, +-1°; 3c,60-, +48°; 36,6a-, +45°. So the reaction (V—+» VI) proceeds with 


‘ %,* Cy Cas Se S 
J t cl —pci, —c 
HO ™~ ci" : Cla _ 
H 3 H y 


OH Cl cl 
(V) (VI) (VII) 






inversion of configuration at both positions 5.and 6. Some structural factor must intervene 
here so that mechanism Sy2, despite steric retardation, controls the situation; this factor 
must be associated with the 3a-chlorine atom. We suggest that replacement of the 38- 
hydroxyl group of the diol (V) proceeds rapidly with inversion, that the 3«-chlorine atom 
so produced affects the orientation of the next-formed 6«-O-PCl, group by intramolecular 
bonding (cf. VII), and thus prevents mechanism Syi operating whilst permitting mechanism 
Sy2 to proceed. Scale models show that such bonding is consistent with the molecular 
dimensions. 

There is no insuperable steric hindrance to the introduction of a 6$-halogen atom 
(cf. Table 3). Kinetically controlled addition of halogens to the 5,6-double bond yields 
the diaxial 5«,68-dihalides *252? which are also obtained % from the appropriate 5a- 
halogeno-68-alcohols by treatment with either phosphorus pentachloride (or tribromide) 
or thionyl chloride; both the additions and the replacements may be formulated in terms 
of a covalent bromonium ion %-”° or of a configurationally maintained 6-carbonium ion, 
but on either view the reactjon co-ordinate traversed by the incoming halide anion must 
be closely similar to that of the chlorine anion in the reaction (V—» VI). Kinetically 
controlled bromination of 38-acetoxy-5«-cholestan-7-one yields the 68-bromo-ketone; ® 

*2 Windaus, Ber., 1917, 50, 133. 

*8 Marker, Jores, and Turner, J]. Amer. Chem. Soc., 1940, 62, 2537. 

* Plattner and Lang, Helv. Chim: Acta, 1944, 27, 1872. 

*§ Barton and Miller, J. Amer. Chem. Soc., 1950, 72, 1066. 

** Barton and Rosenfelder, J., 1951, 1048. 

*? Barton and Head, J., 1956, 932. 

*8 Barton, Miller, and Young, J., 1951, 2598. 


* Alt and Barton, J., 1954, 4284. 
# James and Shoppee, /J., 1956, 1064. 
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this also may be interpreted in terms of diaxial electrophilic addition to the enol with 
subsequent elimination of hydrogen bromide, or, preferably, as a consequence of the 
minimisation of the energy of the transition state of enolisation by maximum 2r-overlap 
of the f-orbital made available by the departing 68(axial) [as opposed to the 6«(equatorial)]. 
proton and of the principle of microscopic reversibility ** which requires the incoming 
brominium cation Br* to adopt the 68-configuration and so to follow a reaction co-ordinate 
similar to that of the chlorine anion in the process (V—VI). 


EXPERIMENTAL 


(a), are for CHCl, solutions; ultraviolet absorption spectra were measured for EtOH solutions 
on a Hilger Uvispek spectrophotometer, and infrared absorption spectra were determined for 
CS, solutions with a Perkin-Elmer model 21 double-beam instrument and sodium chloride 
prism, or as Nujol mulls with a potassium bromide prism. 

6a-Chlovo-5a-cholestane.—(a) 5a-Cholestan-6a-ol (m. p. 131°; 536 mg.) in benzene (50 ml.) 
was refluxed with phosphorus pentachloride (sublimed at 80°/2 mm.; 300 mg.) for l hr. After 
dilution the usual isolation procedure gave an oil (550 ml.), which was chromatographed on a 
column of neutralised aluminium oxide ** (16 g.) prepared in hexane. Elution with hexane 
(3 x 50 ml.) afforded 6«-chloro-5«-cholestane (490 mg.), m. p. 146—148°, [a], +44° (c 1-1), 
Vmax. 745, 781 cm."1, after recrystallisation from acetone. A similar experiment in which the 
reactants were ground together in chloroform, furnished the same chloride, m. p. and mixed 
m. p. 148°, [a], +44° (c 1-0). 

(6) The 6«-alcohol (200 mg.) in ether (20 ml.) was refluxed with purified thionyl chloride 
(0-55 ml.) for 3 hr. After addition of water, the product was isolated in the usual way as a 
solid (228 mg.), which by recrystallisation from acetone gave 6a-chloro-5a-cholestane (114 mg.), 
m. p. 148—149°, [a],, +46° (c 0-9) (infrared absorption as above) (Found: C, 79-6; H, 11-6. 
Calc. for C,,H,,Cl: C, 79-7; H, 11-6%). 

6a-Bromo-5a-cholestane.—(a) 5a-Cholestan-6a-0l (334- mg.) in benzene (30 ml.) was re- 
fluxed with phosphorus pentabromide (sublimed at 35°/0-5 mm.; 400 mg.) for 1 hr. to yield, after 
the usual working up, the 6a-bromide (442 mg.) (from acetone), m. p. 141—143°, [a], +48° (c 
1-3), Vmax. 710, 753 cm."1 (Found: C, 71-7; H, 10-6. C,,H,,Br requires C, 71-8; H, 10-5%). 

(b) The 6a-alcohol (300 mg.), phosphorus pentabromide (370 mg.), and chloroform (1 ml.) 
were ground together; the mixture became deep red, then colourless after 5 min. After 30 
min. ice was added, and the usual isolation procedure gave the above bromide (400 mg.) m. p. 
and mixed m. p. 141—142°, [a],, +50° (c 1-35) (Found: C, 72-2; H, 10-3%). 

(c) The 6a-alcohol (440 mg.) in ether (5 ml.) at 0° was treated with thionyl bromide (260 mg.) 
dropwise with stirring; after 15 min. at 0° and 30 min. at 20° the mixture was poured into water 
and worked up in the usual way to afford an oil. Dissolution in warm acetone gave di-5a- 
cholestan-6a-yl sulphite (20 mg.), m. p. 175—176° (from acetone) (Found: C, 79-1; H, 11-7; 
S, 4:0. C,;,H,,O,S requires C, 78-8; H, 11-5; S, 3-9%). Concentration of the acetone solution 
furnished the above bromide (20 mg.), m. p. 141°, [a], + 45° (c 0-9) (from acetone) (infrared 
absorption as above) (Found: C, 72-2; H, 10-4%). Chromatography of the residue from the 
acetone mother-liquors on neutralised aluminium oxide (12 g.) prepared in hexane, with elution 
by hexane (2 x 40 ml.), gave more of the bromide (40 mg.), m. p. 1389—141°; then elution with 
ether—benzene) 1—4%) gave unchanged 5a-cholestan-6«-ol (138 mg.), m. p. 130°. 

Action of Phosphorus Pentabromide on 5a-Cholestan-68-ol.—5a-Cholestan-68-ol + (m. p. 
82—83°; 300 mg.), phosphorus pentabromide (370 mg.), and chloroform (1 ml.) were ground 
together and left for 0-5 hr. The usual working up gave only an oil (370 mg.) ; chromatography 
gave unsaturated material (probably mainly cholest-5-ene). 

Action of Thionyl Chloride on 5a-Cholestan-68-ol.—5a-Cholestan-6f-ol (388 mg., 0-001 mol.) 
in dry ether (10 ml.) was treated with freshly distilled thionyl chloride (0-08 ml., 0-0012 mol.) 
at 0° for 5 min. (cf. Kosower and Winstein,*%). After removal of the solvent at 20° in a vacuum, 
pentane (10 ml.) was added, and the solution filtered through calcium carbonate (500 mg.) and 
evaporated in a vacuum at 20°. The resulting white solid recrystallised from acetone on cooling 


31 Corey, J. Amer. Chem. Soc., 1954, 76, 175; cf. Djerassi, Finch, and Mauli, ibid., 1959, 81, 4997. 
32 Reichstein and Shoppee, Discuss. Faraday Soc., 1949, 7, 205. 
%3 Kosower and Winstein, J]. Amer. Chem. Soc., 1956, 78, 4347, 4354, 
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to —40° and gave nearly pure cholest-5-ene (290 mg.), m. p. 85°, [a],, —52° (lit.,5* m.-p. 89°, 
(a, —56°) (Found: C, 86-3; H, 12-0. Calc. for C,,Hy,: C, 87-3; H, 12-7%). 

Treatment of 5a-Cholestan-6a-ol with Hydrogen Chloride.—5a-Cholestan-6«-o0l (100 mg.) was 
recovered unchanged (90 mg.) when a solution in dry benzene (20 ml.) was treated with dry 
hydrogen chloride (or hydrogen bromide) for 1 hr. at 20° or 80°. 
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947. C-Glycosyl Compounds. Part IV.1_ The Structure of 
Homonataloin and the Synthesis of Nataloe-emodin. 





By L. J. Haynes, J. I. HENDERSON, and (in part) JEAN M. TYLER. 


Homonataloin is shown to have the structure (II) from its ultraviolet and 
infrared spectra, by periodate oxidation, and oxidation to D-glucose, D- 
arabinose, and nataloe-emodin monomethyl ether; the ether is shown to 
have structure (I; R = Me) by spectral studies and by synthesis of nataloe- 
emodin.? 


HoMONATALOIN, isolated from Natal aloes, is similar to barbaloin? isolated from 
Cape and Curacao aloes. Early work * had shown the presence in Natal aloes of a pale 
yellow crystalline material which was called nataloin. Léger * claimed to have separated 
this material into two components which he termed nataloin and homonataloin and to 
which he assigned the molecular formule C,,H 0.) and C,H Oy) respectively. He 
showed that both these compounds contained one O-methyl group: on prolonged (one 
year) treatment with acid they gave D-arabinose and with sodium peroxide they gave an 
anthraquinone derivative, methylnataloe-emodin (nataloe-emodin monomethyl ether) 
C,,H,,0;, which formed a diacetate and on demethylation with hydrochloric acid at 170° 
gave nataloe-emodin, C,,H,,O,;; this in turn formed a triacetate. Structures, now known 
to be incorrect, were advanced for all those compounds. Tschirch and Klaveness ® were 
only able to isolate homonataloin from Natal aloes but Rosenthaler ® obtained both nataloin 
and homonataloin. 

Through the kindness of Dr. J. W. Fairbairn, we obtained a sample of Natal aloes 
(which is no longer a commercial product) from the Museum of the London School of 
Pharmacy. Treatment of this by Léger’s procedure gave homonataloin, but no nataloin 
was found. 

Analysis of a rigorously dried sample of homonataloin showed the molecular formula 
to be C,.H,,0,, although as normally prepared homonataloin forms a stable monohydrate. 
Re-examination of Léger’s analytical figures shows that they correspond to C,H 0; 
rather than to C,,H,.0,). Homonataloin contains one methoxyl and one C-methyl group 
and six active hydrogen atoms. The molecular weight determined by a mass-spectro- 
photometric method by Drs. Reed and Wilson of the University of Glasgow, whom we 
thank, is 432 (C,,H,,0, requires M, 432). 

The ultraviolet spectrum of homonataloin [Amax. 222, 250 (infl.), 273 (infl.), 294, 347 mu 
(log ¢ 4:38, 3-85, 3-85, 4-12, 3-85)] shows maxima similar in position to, although differing 
slightly in intensity from, those shown by barbaloin [Amax, 208, 255 (infl.), 270, 297, 363 my 


’ Part III, J., 1959, 1033; cf. Haynes and Henderson, Chem. and Ind., 1960, 50. 
* Hay and Haynes, J., 1956, 3141 and references therein. 

* Fluckiger and Hanbury, Arch. Pharm., 1871, 4, 11. 

* Léger, Ann. Chim. (France), 1917, 8, 265. 

5 Tschirch and Klaveness, Arch. Pharm., 1901, 239, 231. 

* Rosenthaler, Pharm. Acta Helv., 1931, 6, 115. 
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(log ¢ 4-41, 3-77, 3-91, 3-96, 4-05)], proving that, like barbaloin, homonataloin is a deriy. 
ative of an anthrone’ rather than of an anthraquinone. This conclusion is confirmed by 
the presence of only one band in the carbonyl stretching frequency region of the infrared 
spectrum: the position of this band, at 1638 cm., shows that the carbonyl group is 
hydrogen-bonded to a neighbouring «-hydroxy] group, but less strongly than that in 
barbaloin (vo. o 1630 cm.*). 

Oxidation of homonataloin by ferric chloride gives D-arabinose and Léger’s nataloe- 
emodin monomethy] ether C,,H,,0;. This ether contains one methoxyl and one C-methy] 
group, is demethylated by concentrated hydrochloric acid to nataloe-emodin C,,;H,,0,, and 
is methylated by diazomethane in methanol-ether to nataloe-emodin dimethyl ether 
C,,H,,0O;. The ultraviolet spectrum of these compounds (Table 1) suggests, on the 











TABLE 1. 

. Nataloe-emodin : 
Nataloe-emodin = ws =, Nataloe-emodin 
Me ether Amax. (My) log « Me, ether 
a ae . = a “~ - Porat, 
Amax. (My) log « Nat. Synth. Amax. (My) log € 
228 4-36 232 4-30 4-42 228 4-34 
275 4-22 260 4-30 4-36 272 4-20 
295 4-02 290 4-00 4:10 293 3-95 
400 3-80 434 3-89 4-01 396 3-76 


lassification of spectra of polyhydroxyanthraquinones developed by Briggs, Nicholls, and 
Paterson,® that nataloe-emodin is an anthraquinone with two a-hydroxyl groups and that 
the two methyl ethers each contain only one «-hydroxyl group. In the infrared spectra 
(Table 2) the absorption of the mono- and the di-methyl ether at 1638 and 1636 cm.1 


TABLE 2. 
T=0 stretching frequencies (cm.~}) 
Nataloe-emodin Me ether  .............ccccccccccccceccenes 1658 1638 
Nataloe-emodin Me, ether ..............cccccscceccsvveers 1667 1636 
IE arcinebhrressenuces udncenqesiooasiacsonteaseyesy 1660 1626 
PEE eaidaxohnnt 5590545055 6c Clddacvactteseseccesetcecé 1676 


respectively corresponds to the presence of the hydrogen-bonded carbonyl] group ® which 
is observed in homonataloin. In nataloe-emodin, the absorption is displaced to a lower 
frequency, showing that the carbonyl group is more strongly hydrogen-bonded. Al] three 
compounds also show bands corresponding to the presence of unassociated carbonyl groups. 
These spectra strongly suggest therefore that nataloe-emodin and its mono- and its di- 
methyl ether are respectively 1,8,6-trihydroxy-, 1,8-dihydroxy-8-methoxy-, and 1-hydr- 
oxy-8,-dimethoxy-x-methylanthraquinone. 

Evidence that nataloe-emodin is a 1,2,8-trihydroxy-x-methylanthraquinone first came 
from colour reactions, since with magnesium acetate ! it gives the deep purple colour 
shown by 1,2-dihydroxyanthraquinones. Methylation, by diazomethane in methanol, of 
the phenolic hydroxyl groups of homonataloin gives a homonataloin dimethyl ether which 
has vg. o 1666 cm.-!, showing that the carbonyl group is no longer hydrogen-bonded and 
° that both a-hydroxyl groups are methylated. Permanganate 

HO OR oxidises this ether to 3,4-dimethoxyphthalic anhydride, confirming 

ew OH the presence of a 1,2-dihydroxy-system in nataloe-emodin and show- 
Me ing that the C-methyl group is not on the ring carrying these 

(I) re) groups. It follows then that if anthraquinones from higher plants 
are formed from acetate units then nataloe-emodin probably has 
structure (I; R=H). That this is correct was shown by synthesis: condensation of 


7 Birch and Donovan, Austral. J. Chem., 1955, 8, 523; Barnes and Holfeld, Chem. and Ind., 1956, 
873. 

8 Briggs, Nicholls, and Paterson, J., 1952, 1718. 
® Flett, J., 1948, 1441. 
10 Shibata, Takito, and Tanaka, J. Amer. Chem. Soc., 1950, 72, 2789. 
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m-cresol with hemipinic anhydride in the presence of aluminium chloride gives 2-(2-hydroxy- 
p-toluoyl)-3,4-dimethoxybenzoic acid 4 which on treatment with sulphuric acid under- 
goes ring closure with simultaneous demethylation to give 1,2,8-trihydroxy-6-methyl- 
anthraquinone identical with nataloe-emodin. 

The infrared and ultraviolet spectra had shown that nataloe-emodin monomethy]l ether 
is either the 1- or the 8-methyl ether, and the ready formation of a dimethyl] ether also 
shows the presence of a free B-hydroxyl group. Ry values reported by Shibata, Takito, 
and Tanaka” for the paper chromatography of polyhydroxyanthraquinones in light 
petroleum saturated with methanol (97%) appear to fall into two groups, anthraquinones 
with a free 6-hydroxyl group having Ry values in the range 0-04—0-52 whereas those with- 
out have Ry values in the range 0-89—0-92. The Ry» values for nataloe-emodin and its 
mono- and di-methy]l ether in this solvent system are given in Table 3. 


TABLE 3. 
Substance Substituents Ry Colour with Mg(OAc), 
Nataloe-emodin 1,2,8(O0H),-6-Me 0-07 Purple 
Me ether 2,8-(OH),-1-OMe-6-Me 0-27 Orange 
Me, ether 8-OH-1,2-(OMe),-6-Me 0-89 Yellow 


The reactions with magnesium acetate show that the 1,2-dihydroxy-system present in 
nataloe-emodin is not present in its monomethy] ether. This is confirmed by periodate 
oxidation studies. As with aloe-emodin,? nataloe-emodin monomethyl ether is un- 
affected by sodium metaperiodate solution at 0°, but nataloe-emodin is very readily 
oxidised with the consumption of 1-8 mol. of oxidant. (It may be noted that periodate 
oxidation of catechol, resorcinol and quinol can be satisfactorily performed at 0° on a 
micro-scale by the usual methods, the observed consumption of oxidant after 18 hr. being 
3-1, 2-75, and 1-1 mol. respectively 12.) 

The monomethyl ether is thus 2,8-dihydroxy-l1-methoxy-6-methylanthraquinone (I; 
R = Me). 

As with barbaloin, homonataloin is not hydrolysed by dilute acid and consumes 
two mol. of periodate with production of formic acid #8 at 0°. On oxidation with ferric 
chloride it gives D-arabinose and on ozonolysis it gives both p-arabinose and D-glucose." 
Neither ethylene glycol nor glycerol is formed when periodaie-oxidised homonataloin is 
reduced with sodium borohydride and then treated 

OH with acid.245 Homonataloin does not give the 
Age ec our reaction with dimethyl--nitrosoaniline 
given by anthrones carrying only hydrogen at 

re) position 10.16 

SHH C Homonataloin thus is 10-D-glucopyranosy1-2,8- 

(lly CH—C—C—¢—¢-CH2°OH dihydroxy-l1-methoxy-6-methylanthrone (IT). 

H OHH H The Botanical Origin of Natal Aloes.—There is 
some doubt in the literature 1” about the original source of Natal aloes. Paper chromat- 
ography of the juice from samples of the leaves of Aloe candelabrum, A. distans, A. macra- 
cantha, A. plicatilis, A. ferox, A. vera, A. eru, and A. perryi, with butan-1l-o] saturated with 
water as solvent, and examination of the chromatograms by ultraviolet light after they 
had been exposed to ammonia, show that A. macracantha and A. distans both contain a 








2) 
ps 
= 
O 
» 


1 Simonsen, J., 1924, 721. 
2 Cf. Freiger, Smith, and Willeford, J. Org. Chem., 1959, 24, 91. 
18 Buchanan, Dekker, and Long, J., 1950, 3162. 
™ Ali and Haynes, J., 1959, 1033. 
18 Smith and Van Cleve, J. Amer. Chem. Soc., 1955, '77, 3091; Viscontini, Hoch, and Karrer, Helv, 
Chim. Acta, 1955, 38, 642. 
%* Kariyone, J. Pharm. Soc. Japan, 1954, '74, 234. 
” Cf. Marloth, Pharm. Acta Helv., 1928, 3, 10; Bryant, Pharm. J., 1933, 180, 174. 
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substance with the R» (0-68) and giving the brown fluorescence of homonataloin. More- 
over, when kept in air, the spots of those substances slowly become purple, as does 
that of homonataloin. The appearance of the paper chromatogram of the juice from 
A. distans was virtually identical with that from our sample of Natal aloes. 


EXPERIMENTAL 


Chromatography was on Whatman No. | paper with the upper phase of the following solvent 
systems (v/v): A, butan-l-ol saturated with water; B, butan-l-ol-acetic acid—water (4:1: 5): 
C, butan-1l-ol-acetic acid—water (2: 1:1); D, butan-l-ol—pyridine—water—benzene (5:3: 3:1); 
E, ethyl acetate—pyridine—water (10: 4:3); F, light petroleum (b. p. 47—70°) saturated with 
97%, aqueous methanol.’® Ultraviolet absorption spectra were determined for ethanol 
solutions, infrared absorption spectra for potassium bromide discs. Aniline oxalate was used 
for the detection of reducing sugars. 

Isolation of Homonataloin (cf. Léger *).—Natal aloes (78 g.) was powdered and shaken with 
acetone (156 ml.) for 24 hr. Undissolved solid (28 g.) was collected and refluxed with 2:3 
aqueous ethanol (300 ml.), and the resulting solution filtered. The filtrate was left overnight. 
The first crop to separate crystallised from aqueous ethanol (60%), to yield a product (1A) 
{2-2 g., [a],,'7 —117-3° (c 1-108)}; and evaporation of the mother-liquor gave a crop (1B) {1-6 g., 
(|,,2”7 —113° (c 1-002)}. Further evaporation of the original mother-liquor gave crops 2, 3, and 
4 {respectively, 0-7, 0-4, 1-2 g., [a],,*7 —116-5°, —109-7°, —29-5° (c 0-953, 0-976, 1-082)}, which all 
crystallised from 2 : 3 aqueous ethanol. 

The infrared spectra of samples 1A—3, after two crystallisations from methanol, were 
identical and showed peaks at 3730w, 3480s, 3220s, 2900m, 2350w; 1638s, 1610s, 1588s, 
1487s, 1452m, 1440m, 1378s, 1360m, 1330m, 1294s, 1270s, 1258m, 1215s, 1173w, 1160w, 1147w, 
1128m, 1110m, 1087s, 1070s, 1068s, 1040m, 1025s, 984w, 969w, 935m, 908m, 882w, 856w, 842w, 
833w, 776m, 757s, 727w, 696s cm.*1. 

Sample 4, crystallised once from 60% ethanol, had a similar spectrum but showed additional 
peaks almost certainly due to impurities. Samples of homonataloin of m. p. 202—204°, and 
(a), —111-5° and —112-3° (c 1-121 and 1-042 respectively) (lit.,* [aj,,2° —112-6° in EtOAc and 
— 149-7° in EtOH) were analysed: (a) Dried over P,O, under reduced pressure at room temper- 
ature, no loss in weight being observed (Found: C, 58-9; H, 5-9; O, 35-4; OMe, 7-4. Calc. for 
C,,.H,,0,,H,O: C, 58-7; H, 5-8; O, 35-5; LOMe, 6-9%). (b) Dried over P,O, under reduced 
pressure at 100° (Found: C, 59-0; H, 5-9; O, 35-6; OMe, 7-2; C-Me, 3-7; active H, 1-7; loss 
in wt., 0-9. Calc. for C,,H,,0,,H,O: C-Me, 3:3; 8 active H, 1-8; 7 active H, 1-6%). (c) Dried 
over P,O,; under reduced pressure at 140° [Found: C, 61-2; H, 5-6; O, 33-2; H,O, 3-8 (4:0 ona 
30 mg. sample). Calc. for C,.H,,O,: C, 61-1; H, 5-6; O, 33-3; H,O, 4:0%]. 

Chromatography of homonataloin in the solvent systems A, B, and C gave discrete spots of 
Ry 0-68, 0-69, and 0-83 respectively; streaking occurred in the basic solvents D and E. Ultra- 
violet absorption maxima were at 222, 250 (infl.), 273 (infl.), 294, 347 mp (log ¢ 4-38, 3-85, 3-85, 
4-12, 3-85, based on the hydrate). 

Action of Various Reagents on Homonataloin.—Spots of a methanol solution of homonatalon 
were chromatographed with solvent A, and, after drying of the paper, were treated with the 
following sprays: (a) diazotised sulphanilic acid, which gave an orange colour showing the 
presence of phenolic hydroxyl groups; (b) periodate-permanganate ™* which gave a yellow- 
green spot on a red background, showing that periodate oxidation had occurred; (c) iodate- 
iodide spray which produced no iodine, showing that carboxylic acid groups were absent. 

In a test with dimethyl-p-nitrosoaniline #* homonataloin gave no colour change (nor did mono- 
O-methylnataloe-emodin or barbaloin), but anthrone and 4,8-dihydroxyanthrone gave respectively 
dark red and green solutions. With concentrated sulphuric acid (Histedt’s reaction) a yellow 
solution was obtained that became green on exposure to nitric acid fumes. Spots of homo- 
nataloin on paper chromatograms changed from pale yellow to purple on aerial oxidation (3—6 
months); homonataloin dimethyl ether changed from pale yellow to orange, and barbaloin 
from pale to bright yellow. 

Paper chromatography showed that no reducing sugars were formed on treatment of homo- 
nataloin with N-acid at 100° for 2 hr. 


18 Lemieux and Bauer, Analyt. Chem., 1954, 26, 920. 
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Homonataloin decomposed on treatment with aqueous borax and phenylhydrazine hydro- 
chloride (cf. Hauser; ® Hay and Haynes *) but no product could be isolated. 

Oxidation of Homonataloin by Periodate.—(a) Qualitative. Spots of methanolic solutions of 
homonataloin and barbaloin were sprayed with the reagents (sodium metaperiodate, followed 
by ethylene glycol, followed by potassium iodide) for the detection of 1,2,3-triols.* The iodine 
liberated by both aloins, though obscured by red oxidation products, became evident on spray- 
ing with 1% starch solution. 

(b) Quantitative. Samples (4—5 mg.) of homonataloin, dissolved in the minimum of 50% 
ethanol, were oxidised at 0° with 0-04N-potassium periodate (10 ml.). Saturated aqueous 
borax (5 ml.), boric acid (1 g.), and 10% potassium iodide solution (5 ml.) were added after 
18 hr. and the liberated iodine was titrated with 0-01N-arsenite (1% starch indicator). Periodate 
consumption was 2-0, 2-0, and 1-9 mols. in three experiments. 

(c) Reduction and attempted hydrolysis of the periodate oxidation product (cf. Viscontini 
et al..> Hay and Haynes*). Homonataloin (10 mg., 25 millimoles) in ethanol (2 ml.) was 
oxidised at 0° for 4 hr. with sodium metaperiodate (10 mg., 50 millimoles, in 2 ml. of water), 
Sodium borohydride (15 mg.) in water (2 ml.) was added and the solution left overnight at 0°. 
A sample (2 ml.) was hydrolysed with 2N-hydrochloric acid (2 ml.) at 100° for 15 min. The 
hydrolysate, examined (with ethylene glycol and glycerol as standards) by paper chrom- 
atography with solvent E, gave no spot corresponding to glycerol (Rp 0-43) or ethylene glycol 
(Rp 0-54) after spraying with the periodate—permanganate reagent.'® 

Oxidation of Homonataloin by Ferric Chloride——Homonataloin (1-5 g.) was treated with 
ferric chloride solution 2%? (7-5 g. in 22-5 ml. of water; the homonataloin was not completely 
soluble). (i) The dark toluene extract was extracted with sodium hydrogen carbonate solution 
until the aqueous phase was colourless. Evaporation of the toluene solution to dryness gave a 
residue (70 mg.) of m. p. 208—228°. Purification by sublimation was unsuccessful. Crystallis- 
ation from ethanol (charcoal) yielded orange needles (30 mg.), m. p. 235—236°, of mono-O- 
methylnataloe-emodin (lit.,4 m. p. 238°) [Found: C, 67-9; H, 4:0; C-Me, 3-7. Calc. for 
C,.H,,0;: C, 67-6; H, 4:3; 1C-Me, 5:3%], Amax, 228, 275, 295, 400 my (log ¢ 4-36, 4-22, 4-02, 
380), Vmax, 3680w, 3350s, 2870w, 2340m, 1935w, 1915w, 1860w, 1840w, 1820w, 1800w, 1790w, 
1770w, 1755w, 1730w, 1713w, 1700w, 1680w, 1658m, 1638s, 1615m, 1555s, 1535w, 1520w, 
1505w, 1495w, 1480s, 1460m, 1447m, 1435w, 1417w, 1365m, 1338w, 1293s, 1274s, 1203m, 
1156w, 1133w, 1140m, 995w, 928w, 863m, 852w, 798s, 760w, 749m cm.!. With the solvent 
system F, by the ascending method, the product had Rp 0-27 and gave an orange spot with 
methanolic magnesium acetate spray.’ 

(ii) The original highly coloured aqueous fraction (after toluene extraction) was extracted 
with pentyl alcohol (10 x 50 ml.), and the aqueous portion treated with resins [Dowex W 50 (H) 
and Dowex 2(OH)] to remove ferrous and chloride ions. The resulting neutral solution was 
evaporated under reduced pressure to small volume, a trace of solid that had separated was 
removed, and the filtrate was freeze-dried. The resulting syrup, which was strongly levo- 
rotatory, did not crystallise but was identical on chromatography in solvents C, D, and E with 
arabinose (xylose and glucose were also run as standards). The benzoylhydrazone *! (28 mg. 
prepared from 59 mg. of the sugar) had m. p. 203—-204° (twice crystallised from methanol) alone 
or mixed with p-arabinose benzoylhydrazone of m. p. 204— 205°. Authentic p- and authentic 
L-arabinose benzoylhydrazone (m. p. 201—202°) gave, on admixture, a depression of m. p. 
(196—198°) (cf. Aliand Haynes #4). Repetition of the ferric chloride oxidation of homonataloin 
(1-5 g.) in 50% ethanol (30 ml.) gave a further sample (58 mg.) of mono-O-methylnataloe-emodin 
of m. p. 235—236°. 

Ozonolysis of Homonataloin.44—Ozonised oxygen from a high-tension discharge apparatus 
(7500 v) was passed through a cooled solution of homonataloin (700 mg.) in 1 : 1 aqueous ethanol 
(100 ml.) for 2 hr., the colour changing yellow to red to orange-yellow. The solution was 
steam-distilled until ethanol had been removed and the residue was ozonised for another 3 hr. 
The dark brown residue present after steam-distillation was extracted with ether (4 x 200 m1.), 
and saturated lead acetate solution (25 ml.) added to the aqueous layer. The precipitate was 
filtered off after 1 hr. and excess of lead was removed by three treatments with hydrogen 
sulphide. The final colourless solution was evaporated to dryness under reduced pressure and 

1” Hauser, Pharm. Acta Helv., 1931, 6, 79. 


* Cahn and Simonsen, J., 1932, 2573. 
*t Hirst, Jones, and Woods, J., 1947, 1048, 
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yielded a pale yellow syrup (approx. 230 mg.). Chromatography of the product with solvents 
C, D, and E (with glucose, arabinose, and xylose as standards) showed it to contain glucose and 
arabinose. Separation of the sugars on Whatman 3mm paper with solvent D gave pure (by 
chromatography) specimens of (a) D-arabinose (120 mg.) identified by its benzoylhydrazone 
derivative," m. p. and mixed m. p. 203—-204° (from ethanol), and (b) D-glucose (90 mg.), 
which gave a p-nitroaniline derivative,” m. p. and mixed m. p. 182—183°, [a],,2* — 158° (c 0-164 
in 10% aqueous pyridine) {lit.,?* {a],2° —150° —» —215° (c 0-24)}. 

Methylation of Homonataloin.—Homonataloin (250 mg.) in methanol (50 ml.) was set aside 
overnight with ethereal diazomethane (50 ml. prepared from 1-0 g. of toluene-p-sulphonyl- 
methylnitrosamide *), The solvents were removed under reduced pressure. Crystallisation 
of a portion of the residue from several solvents was attempted, but was unsuccessful. Partial 
evaporation of an ethyl acetate solution of the product was most successful and gave 
homonataloin dimethyl ether as a light brown solid of m. p. 144—147° [Found: 60-5; H, 5-9; 
OMe, 18-6. C,,H,,0,(OMe),, H,O requires C, 60-2; H, 6-3; OMe, 19-4%). Chromatography 
with solvent A gave a single spot of Ry 0-70 (cf. homonataloin, 0-68). The infrared absorption 
peaks were at 3400s, 2900s, 2850m, 2330w, 1666s, 1610s, 1580m, 1535w, 1487s, 1454s, 1413m, 
1361w, 1320w, 1306w, 1270s, 1155m, 1087s, 1053s, 1011m, 970s, 893w, 838m, 780m, 742w, 723w, 
696m cm."}, 

Permanganate Oxidation of Methylated Homonatalion.—2-5% Potassium permanganate 
solution (100 ml.) was added during 0-5 hr. to the methylated homonataloin suspended in a 
little water. The mixture was heated at 100° for 3 hr. After cooling, precipitated manganese 
dioxide was removed and the filtrate was acidified and continuously extracted with ether, 
Evaporation of the extract under reduced pressure gave a yellow solid which on sublimation in 
a high vacuum at 150° gave a cream-coloured product (23 mg.) of m. p. 148—160°. Two 
further sublimations gave a white solid (10 mg.), m. p. 161— 166°, that gave a positive resorcinol 
test.%* The product did not depress the m. p. (165—167°) of authentic hemipinic anhydride, 
and the infrared spectra were identical [Found: C, 56-3; H, 4:05; OMe, 29-1. Calc. for 
C,H,O,(OMe),: C, 57-7; H, 3-9; OMe, 29-8%]. ‘ 

Di-O-methylnataloe-emodin.—A solution of ethereal diazomethane (10 ml., prepared from 
0-2 g. of toluene-p-sulphonylmethylnitrosamide **) was added to a solution of the monomethyl 
ether (47 mg.) in 1: 1 methanol-ether (10 ml.), and the mixture left overnight. The solution 
was evaporated to small volume and, on cooling, orange needles separated. After crystallis- 
ation from methanol di-O-methylnataloe-emodin (25 mg.) had m. p. 204—206° [Found: C, 
69-7; H, 4:8; OMe, 20-3. Calc. for C,;H,O,(OMe),: C, 68-5; H, 4-7; OMe, 20-8%], Amax, 228, 
272, 293, 396 my (log e 4-34, 4-20, 3-95, 3-76), vinax 3480w, 2870m, 2820w, 2310w, 1667m, 1636s, 
1563s, 1537w, 1513w, 1483s, 1450m, 1415m, 1385w, 1365s, 1332s, 1280s, 1265s, 1206s, 1162w, 
1140w, 1070s, 1033m, 995m, 962s, 938m, 906w, 863m, 843w, 833w, 817m, 802m, 786m, 764w, 
750s, 706w, 695w, 666w cm.-!. On paper chromatography with solvent B the compound ran at 
the solvent front, but in solvent F (ascending technique) had Rp 0-85, and gave a yellow spot 
with the methanolic magnesium acetate spray.!® 

Demethylation of Mono-O-methylnataloe-emodin (cf. Léger *).—Mono-O-methylnataloe-emodin 
(10 mg.) was heated with concentrated hydrochloric acid (0-5 ml.) at 170—180° for 12 hr. No 
reaction appeared to have occurred. The crystalline product was collected and washed with 
water. Crystallisation from methanol afforded orange needles of m. p. 205—225°. Sublim- 
ation in a high vacuum gave a product (4 mg.) consisting of scarlet needles, m. p. 212—213°. 
The product (0-5 mg.) in glacial acetic acid showed no fluorescence in ultraviolet light ** and 
was thus not a 1,4-dihydroxyanthraquinone. After chromatography with solvent F the 
product, Ry 0-07, gave a purple spot with the magnesium acetate spray ?° (a 1,2-dihydroxy- 
anthraquinone system was indicated). The ultraviolet absorption spectrum had Amax, 232, 260, 
290 (infl.), 432 (log e 4-30, 4-30, 4-00, 3-89). The infrared absorption peaks were at 3550m, 
3200m, 2930w, 2320w, 1660m, 1626s, 1555w, 1537w, 1455s, 1435m, 1423m, 1335s, 1212w, 1200w, 
1135w, 1075w, 1033m, 866m, 822m, 746s, 695w cm."}. 

Synthesis of 1,2,8-Trihydvoxy-6-methylanthraquinone (Nataloe-emodin).—2-(2-Hydroxy-p- 
toluoyl)-3,4-dimethoxybenzoic acid ™ was crystallised to constant m. p. (237—238°) from 


#2 Weygand, Perkow, and Kuhner, Ber., 1951, 84, 594. 
23 DeBoer and Backer, Rec. Trav. chim., 1954, 73, 229. 
*4 Feigl, ‘‘ Spot Tests,” Elsevier Publ. Co., Inc., New York, 1946, p. 360. 
*5 Raistrick, Robinson, and Todd, Biochem. J., 1934, 28, 559. 
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diluted acetic acid (lit., m. p. 229—230°). After cyclisation of the acid (1-2 g.) in concentrated 
sulphuric acid (6 ml.) at 150—160° for 0-5 hr., the mixture was poured on ice (50 g.), and the 
precipitated solid was filtered off. Rigorous drying over P,O; im vacuo gave a black solid 
(127 mg.) which in a high vacuum at 80—185° gave a scarlet sublimate (64 mg.), m. p. 205—206°. 
Re-sublimation in a high vacuum at 175—185° gave scarlet needles (55 mg.), m. p. 216—217°, of 
1,2,8-tvihydroxy-6-methylanthvaquinone (Found: C, 67-0; H, 4:0; OMe, 0. C,;H, O, requires 
C, 66-6; H, 3-7%). On chromatography in solvent F the compound was identical with nataloe- 
emodin and had Fy 0-07 and gave a purple colour with the magnesium acetate spray.¥° The 
m. p. of the synthetic product was not depressed on admixture with nataloe-emodin (m. p. 212— 
213°) obtained from homonataloin. The ultraviolet absorption spectrum [Am x 232, 260, 291 
(infl.), 434 my; log e 4-42, 4-36, 4-10, 4-01] was identical (though the log e values are slightly 
higher) with that of nataloe-emodin, as was the infrared absorption. 

Synthetic nataloe-emodin (3-27 mg.) in ethanol (10 ml.) was oxidised with 0-01m-potassium 
periodate (10 ml.) at 0°. Aliquot parts (3 x 5 ml.) were withdrawn after 18 hr. and saturated 
borax solution (2-5 ml.), boric acid (0-5 g.), and potassium iodide (0°5 g.) were added to each 
sample. The liberated iodine was titrated with 0-01N-arsenite (1% starch indicator). Periodate 
consumption was 1-77 mols. 
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948. <A Quantitative Treatment of Electrophilic Aromatic 
Substitution. 


By J. R. Know gs, R. O. C. Norman, and G. K. Rappa. 


Application of the Hammett equation to electrophilic aromatic substitu- 
tion is found to be of only limited use because it fails to take into account 
the different extents of resonance interaction between the substituent and 
the aromatic system in the transition state in reactions where the reagent 
has different electronic requirements. A new equation is proposed in which 
the partial rate factor for substitution at the para-position of a mono- 
substituted benzenoid compound is related to three parameters which 
measure severally the electron density at the para-position in the ground 
state of the molecule, the polarisability of the substituent, and the electronic 
requirements of the reagent. The equation correlates accurately the 
available data for the nitration, chlorination, bromination, and protode- 
silylation of seven monosubstituted benzenes. The anomalous results that 
in nitration fluorobenzene is deactivated in the para-position, and t-butyl- 
benzene is more strongly activated than toluene, receive experimental 
confirmation and can now be understood. The mean error in the values 
predicted by the equation for the partial rate factors in all these reactions 
is 15%. 
THE reactivity of the side chain, X, in an aromatic compound of the type R-C,H,°X, where 
Ris a meta- or para-substituent, has been found to obey the Hammett free-energy equation,! 
log (k/k,) = op, in several thousand reactions. The possibility that this equation might 
also hold for electrophilic aromatic substitution seems first to have been examined by 
Pearson and his co-workers. They found that the equation held fairly well if o-values 
different from those which apply to side-chain reactions were employed for each group. 


1 Hammett, ‘ Physical Organic Chemistry,’’ McGraw-Hill Book Co., Inc., New York, 1940, Chapter 


VII 


2 Jaffé, Chem. Rev., 1953, 58, 191. 
* Pearson, Baxter, and Martin, J. Org. Chem., 1952, 17, 1511. 
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Roberts et al.4 found that when the original o-values were used in an attempt to correlate 
nuclear substitutions, large deviations occurred for para-substituents, and they concluded 
that this was because resonance interactions are present between the substituent group and 
the aromatic system in nuclear substitution to a larger extent than in side-chain reactions, 
The same conclusion was reached by Kochi and Hammond 5 from their measurements of 
the rates of solvolysis of para-substituted benzyl toluene-p-sulphonates. Brown and his 
associates ® accordingly proposed that a new substituent constant, denoted by o*, should 
be used to correlate electrophilic substitutions according to the equation log (k/k») = o*p. 
The new constant differed from the o-constant by an amount depending on the resonance 
interaction between the substituent concerned and the aromatic ring in the transition 
state of the reaction. Brown et al.’ later determined a large number of o* values from 
measurements of the solvolysis rates of meta- and para-substituted cumyl chlorides, 
utilising the fact that the transition state in the rate-determining step of this reaction 
resembles that in aromatic substitutions. They showed that ot-values obtained in this 
way agreed well with the values found from aromatic substitutions, such as nitration and 
bromination,* and they extended their study of o* values to a large number of electrophilic 
substitutions and to equilibria such as the ionisation of triarylmethanols in which resonance 
interaction occurs between an electron-deficient carbon atom and the fara-substituent.® 
They showed that the o*-value of a particular group determined from a number of different 
reactions is essentially independent of the reaction, and suggested that there must be some 
fundamental property of substituent groups which is represented by the individual 
o*-constants. 

Nevertheless, despite the success of Brown’s treatment of aromatic substitution, there 
is evidence that a substituent cannot be represented by a single o*-value" An 
examination of the o*-values quoted by Brown reveals that, although for some substituents 
o* is effectively constant over a wide range of values of p, yet for other substituents there 
is a considerable variation in «* with change in p. Moré significantly, the o*-value of a 
substituent decreases (or becomes increasingly negative) in a fairly regular manner as p 
becomes larger, having its largest positive value (or smallest negative value if it is negative 
in sign) when ¢ has its smallest value. o*-Values for seven substituent groups are recorded 
in Table 1.° 


TABLE 1. Values of o* calculated from various reactions and equilibria. 


Ionisation of Protonolysis Solvolysis of Uncatalysed Uncatalysed 
Ar,C-OH of Ar-SiMe, Ar-CMe,Cl Nitration chlorination bromination 
Substit. p= —-344 p= -—-432 p=--454 p=-622 p=-806 p= —12-14 
p-Me ...... — 0-297 — 0-305 —0-311 —0-278 —0-365 — 0-278 
ee —0-127 —0-179 — 0-167 — 0-262 
p-OMe ...... —0-721 — 0-736 —0-778 — 0-826 
' Me +0-028 —0-073 +0-012 —0-100 
oe re +0-201 +0-114 +0-133 + 0-055 
OBE weiene +0-231 -+0-150 +0-152 +0-074 
p-CH,Cl ... +0-035 — 0-062 


From an inspection of these figures it would be reasonable to assume that the o*-value 
of the methyl group is independent of p, the variation in the recorded values being due to 
experimental errors in the measurements from which these values were obtained. For 
the other six groups, however, there is reason to believe that the variations are not due to 


Roberts, Sanford, Sixma, Cerfontain, and Zagt, J. Amer. Chem. Soc., 1954, 76, 4525. 
Kochi and Hammond, J. Amer. Chem. Soc., 1953, 75, 3445. 
McGary, Okamoto, and Brown, J. Amer. Chem. Soc., 1955, '77, 3037. 
Brown, Brady, Grayson, and Bonner, J. Amer. Chem. Soc., 1957,-79, 1897; Brown, Okamoto, and 
Ham, ibid., p. 1906; Brown and Okamoto, ibid., p. 1909. 
® Brown and Okamoto, J. Amer. Chem. Soc., 1957, 79, 1913. 
Brown and Okamoto, J]. Amer. Chem. Soc., 1958, 80, 4979. 
10 de la Mare, J., 1954, 4450. 
11 Deno and Schriesheim, J. Amer. Chem. Soc., 1955, '77, 3051. 
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inadequacies in experimentation. In the first place, the changes in o* with p, as a fraction 
of o*, are large: for chlorine and bromine the values vary over a range of about three times 
the lowest value recorded. Secondly, the variation is in almost every case in the same 
direction; for example, the largest negative values of o* recorded for the phenyl and 
methoxyl substituents both occur in the reaction of largest p-value (uncatalysed bromin- 
ation); and the smallest positive values for chlorine and bromine also occur in the reaction 
of largest p-value for which these groups have been examined (uncatalysed chlorination). 

These variations in o* seemed not to be random but rather to follow atrend. Further, 
we were puzzled by other observations of aromatic reactivities. For instance, fluoro- 
benzene is deactivated in the fara-position in nitration,! in chlorination by Cl*,* and in 
protodesilylation,* but is activated in chlorination by molecular chlorine; the para- 
position in toluene is more reactive than that in biphenyl in nitration but is less reactive 
in bromination by molecular bromine; ™ and the para-position in t-butylbenzene is more 
reactive than that in toluene in nitration ™ but is less reactive in chlorination and bromin- 
ation by molecular halogens.12 Yet the Hammett relation in the form used by Brown, 
log (k/y) = o*e, requires that if one position is activated relative to another in one reaction, 
it will be activated in all reactions. 

Before attempting to elucidate the reason for these discrepancies, we decided to confirm 
that two anomalies which seemed particularly pertinent to any new treatment of aromatic 
substitution were experimentally valid. These were: the deactivation of the para- 
position of fluorobenzene in nitration; and the greater reactivity, in nitration at ‘the 
para-position, of t-butylbenzene than of toluene. 

The partial rate factors for the nitration of fluorobenzene reported in the literature 
depend upon isomer ratios determined under preparative conditions * coupled with the 
value for the reactivity of fluorobenzene relative to benzene determined by Bird and 
Ingold.6 We have determined new values for fluorobenzene, using fuming nitric acid in 
acetic anhydride solution at 25° as the nitrating agent, and gas chromatography for 
analysis. The results of the isomer distribution and overall reactivity experiments are 
recorded in Table 2, and the partial rate factors derived from them are set out in Table 3. 


TABLE 2. 
Orientation (%) 
Substit. Relative reactivity o- m- p- 
Tl kadswasseucbahbauieainteainbinennesin 0-14 + 0-01 * 8-7 0 91-3 
BN: susbiicastcuntedednshebsaumeebend’ 1 61-4 1-6 37-0 
BE. sbisvenssasanssaenteanbenensnseet 0-85 + 0-08 45-9 3:3 50-8 
Br |, dvciekendcetabdakncn ans tenuakinl 0-65 + 0-03 28-0 4:5 67-5 
EEE” -sidedtanccuipviatvuivecbenliies 0-56 + 0-03 10-0 6-8 83-2 


* Relative to benzene, not toluene. 


TABLE 3. 
Pri But 


Et 
0-04 nae 31-4 148 45 
23 30 

69-5 


A comparison of the reactivities in nitration in aqueous acetic acid of toluene and 
t-butylbenzene has previously been reported, although no experimental details were 


#2 de la Mare and Ridd, ‘‘ Aromatic Substitution,” Butterworths Scientific Publications, 1959, p. 
7 


18 de la Mare, Ketley, and Vernon, Research, 1953, 6, 12S. 
14 Eaborn, J., 1956, 4858. 

‘5 Holleman, Chem. Rev., 1925, 1, 187. 

6 Bird and Ingold, /J., 1938, 918. 
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published.” We chose different conditions (nitration by fuming nitric acid in acetic 
anhydride solution at 0°) and studied both toluene and t-butylbenzene, and also ethyl- 
benzene and isopropylbenzene, for which previously only isomer distributions in nitration 
have been reported.'*®° Isomer distributions and overall reactivities relative to toluene 
are recorded in Table 2. When use is made of Ingold’s value * of 27 for the reactivity 
of toluene relative to benzene under the same conditions as ours, the partial rate factors 
recorded in Table 3 are obtained. 

Our results agree substantially with those obtained by previous investigators, and in 
particular confirm two of the anomalies mentioned above. We have confidence in our 
results on the relative reactivities of toluene and t-butylbenzene, not only because they 
were reproducible with high precision and agreed with results obtained previously, but 
also because the reactivities of the para-positions in the four alkylbenzenes which we 
examined show a steady trend (Bu’ > Pri > Et > Me), pointing to some feature governing 
the reactivities of these compounds in nitration which is not manifest in the Hammett 
equation. 

We were prompted, both by these anomalies and by the trends apparent in o*, to 
re-examine the assumptions which underlie the application of the Hammett equation to 
electrophilic aromatic substitution. The difference between this type of reaction and 
the reaction at a side chain lies, as has been mentioned, in the greater resonance interaction 
between substituent and aromatic ring in the transition state for aromatic substitution 
than for side-chain reactions. If the Hammett equation is obeyed rigorously for side-chain 
reactions (as it appears to be), and is not obeyed rigorously for aromatic substitution, it 
is because this resonance interaction is not constant for a given substituent in different 
reactions. It has previously been suggested that the resonance interaction will vary 
markedly in different reactions so as to make it impossible to represent the effect of a 
substituent by a single constant.514_ Now, it is expected that the resonance interaction 
between substituent and aromatic ring will vary with the nature of the reaction for the 
following reason: if the transition state in an electrophilic aromatic substitution were 
always accurately represented by the structure of the Wheland intermediate, (I; where 


H E H Pd 


(I) R R (II) 





E = the attacking electrophile), then the extent of resonance in the transition state 
between R and the aromatic ring would be independent of the nature of the reaction and 
could be represented by a constant for each substituent. There is, however, evidence that 
in reactions of aromatic compounds with very reactive species, the transition state 
resembles (II) rather than (I),**** the new covalent bond being only partly formed. It 
follows that the more reactive the reagent, the smaller is the resonance interaction of the 
substituent with the ring in the transition state. Since e is a measure of the reactivity of 
the reagent (a small numerical value of p indicating a very reactive reagent such as NO,* 
and a large value indicating an unreactive reagent such as Br,), it would be expected that 
the amount of resonance interaction in the transition state would increase with increasing 


17 Cohn, Hughes, Jones, and Peeling, Nature, 1952, 169, 291. 
'® Cline and Reid, J. Amer. Chem. Soc., 1927, 49, 3150. 

'” Brown and Bonner, J]. Amer. Chem. Soc., 1954, 76, 605. 

2° Vavon and Callier, Bull. Soc. chim. France, 1927, 41, 357. 
*" Ingold, Lapworth, Rothstein, and Ward, /., 1931, 1959. 

22 Dewar, Mole, and Warford, /., 1956, 3581. 

“3 Mason, /., 1958, 4329. 
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size of p. In other words, the potential of a substituent to accommodate the electron- 
deficiency of the transition state in an aromatic substitution is only fully realised when 
the transition state is closely similar in structure to the Wheland intermediate. 

We therefore attempted to find whether there was some simple dependence of o* 
upon. No simple relation was apparent from the available data, and we approached the 
problem from a different aspect, which can be explained as follows. In an aromatic 
substitution in which the reagent is of extremely high reactivity, the transition state 
resembles the starting state, or ground state, of the aromatic compound. Thus there is no 
resonance interaction in the transition state which is not also present in the ground state 
of the molecule. Therefore the rate of reaction at the para-position of a benzenoid com- 
pound relative to the rate of reaction at any one position in benzene (i.¢., k/k», hence- 
forward referred to as fp, the partial rate factor for substitution at the para-position of 
the substituted benzene) will be governed by the ground-state electron densities and we 
may write a modified Hammett relation in the form: 


Rs er er 


where og is a measure of the ground-state density at the para-position in the compound 
relative to that at any carbon atom in benzene, and ¢ is a measure of the demand of the 
reagent for electrons in the transition state. On the other hand, if the reagent is less 
reactive, so that the transition state has a structure between the ground state and the 
Wheland intermediate, a resonance interaction between substituent and aromatic ring 
will be present, depending in extent on the degree to which the transition state resembles 
the Wheland intermediate. For such a reaction we may write: 


logig fp = SCQh +ond. s. - ». - - « » QB 


where og, the resonance interaction, is itself dependent on ¢, since ¢ provides a measure 
of the extent of formation of the Wheland intermediate at the transition state. Thus, 
Gg = opf(¢), where op is the ability of the substituent to supply electrons by the resonance 
mechanism at the demand of the reagent; 7.e., op measures a polarisability of the 
substituent. Equation (2) becomes: 


log fp = Sad 7- opf(p)@ . . «. « « ss (3) 
We assumed that the function is a simple one, of the form ¢*. Then equation (3) is: 
loge fp = cab tot! . 1. 2. « 2 es s 


6g, Which measures the ground-state electron density at the para-position, is clearly related 
to the Hammett substituent constant, o, and the two were at first taken to be identical. 
(This assumption receives further comment below.) Then, toevaluate, an approximation, 
later shown to be justified, was made: viz., that the t-butyl group is not polarisable, 1.e., 
op(But) = 0. We then obtained ¢ for five reactions of t-butylbenzene for which rate 
data are known, using the Hammett o-constant as og for the But group. The ¢-values 
so derived are listed in Table 4. (For convenience in arguments presented below, opposite 
signs are given to the o-constants used in this paper. Electron-releasing groups thus have 
positive o-values and electron-attracting groups have negative values.) Equation (4) was 
then written in the form: 


logo (logi9 fp — Fa) = logig ov + (m+ 1) logigd - - - - (5) 


and logis (logiy /e — sud) was plotted against log,,¢ for the p-Ph group, using the ¢-values 
obtained from the reactions of t-butylbenzene and taking the Hammett o-value for og.” 


* McDaniel and Brown, J. Org. Chem., 1958, 23, 420. 
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The resulting graph is shown in Fig. 1. As required by equation (5) the graph is linear, 
The gradient is 2, so that » = 1, and equation (4) may be rewritten: 


logig fp = Cah +org* . . . - - s ss (6 


It emerges that the resonance effect, og, is directly proportional to the parameter which 
measures the electronic demand of the reagent. 


TABLE 4. ¢-Values derived from data for t-butylbenzene. 


Protonolysis of Bromination Uncatalysed _Uncatalysed 

Reaction p-SiMe,°C,H,But by Br* Nitration chlorination bromination 
logio fp 1-19 1-59 1-88 2-70 2-88 
¢ 6-04 8-07 9-54 13-71 14-62 


Values of logy) fp for protodesilylation are taken from Eaborn’s results,’* and for the remaining 
reactions from the list compiled by de la Mare and Ridd.'* 


The choice of the ~-Ph substituent should be explained. Only for the /-Me and /-Ph 
groups are data recorded in the literature for a number of electrophilic substitutions. 
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For the #-Me group the value of (log,, fp — sg¢) is invariably obtained as a small difference 
between two large quantities and is subject to large variations with small percentage 
errors in logy, fp, rendering it difficult to obtain a satisfactory graph. As will be seen 
below, this results from the very small polarisability of the p-Me group. 

To test the validity and application of equation (6) it is necessary to obtain values of 
oq and op for different substituents and values of ¢ for different reactions, and then to 
show that log,) fp is correctly predicted for aromatic substitutions for which these para- 
meters are known. For six substituents (Me, Ph, OMe, F, Cl, Br) we obtained values of 
6g and op by writing equation (6) in the form: 


logio fold = og + opd 


and plotting log,, f,/¢ against ¢. The values of o, and op obtained from the intercept 
and gradient of the graph respectively depend on a number of different reactions and are 
more reliable parameters than ¢, which was obtained from only one reaction in each case. 
By inserting the derived values of sp and og into equation (6), mean values of ¢ for each 
reaction were determined. These values were used in turn to obtain new values of the 
sigma-parameters, and this procedure was repeated until self-consistent values of the 
three parameters were obtained. The final values of these parameters are recorded in 
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Table 5, and the graph from which the sigma-parameters for each substituent were 
obtained is shown in Fig. 2. 


TABLE 5. 
Protonolysis of Bromination Uncatalysed Uncatalysed 
Reaction p-SiMe,’C,H,R Nitration by Brt chlorination bromination 
Ligrdequccecsdecee 6-6 8-4 8-5 13-7 15-1 
Substit. p-OMe p-Me p-Ph p-F p-Cl p-Br 
GG soccccsccccccceees +0-27 +0-19 —0-01 —0-10 — 0-22 — 0-235 
IR, ccdecepcegaanhs 2-55 0-2 1-6 1-1l 1-35 1:35 


Equation (6) may now be tested. In Table 6 the values of logy, f, predicted by the 
equation with the use of the three derived parameters are compared with the experimental 
values of logy, fp. An analysis shows that the equation predicts partial rate factors for 
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X in PhX: e = OMe, o = Me, X = Ph, 3 
OoO=F,A=(Cl, + = Br. X in PhX: o = Me, 0 = Ph, e =F, 
Cl Br. 


substitution in the para-position (i.e., fp) with a mean error of 15%, which is surprisingly 
small since the range of reactivities is about 10". 


TABLE 6. Comparison of predicted and observed values of logy» fp-* 


Protonolysis of Bromination Uncatalysed Uncatalysed 

Subst. p-SiMe,°C,H,R Nitration by Br* chlorination bromination 

pd. od. pd. od. pd. od. pd. od. pd. od. 

p-OMe ...... 2-89 3-18 8-48 76° 9-89 9-80 

P-Me ...... 1-32 1-32 1-74 1-76 1-76 1-77 2-98 2-91 3-33 3-38 

| 1-30 1-19 1-66 1-88 1-67 1-59 2-70 2-70 2-97 2-88 

PPA. ...... Oe Ee. Bde Sie OO Bi OO 
a —0-18 —012 —006 —0O-11° 0-82 0-80 
P-Cl ......... —0:86 —087 —0-89 —0-85 —0-48 —0-40 
ae —0:96 —100 -—102 —0-96 —0-68 —0-60 


* pd. = predicted; od. = observed. 

Observed values of log,, f, for protodesilylation are taken from Eaborn’s results,“ and for the 
remaining reactions from the list compiled by de la Mare and Ridd,!* except for 6 which is taken from 
our results. * This value is taken from unpublished work quoted in ref. 12. 


Some interesting results of the application of equation (6) to aromatic substitution are 
revealed when experimental values of log,, fp are plotted against ¢. Graphs for all the 
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substituents we have studied save OMe and But are shown in Fig. 3. Each line must pass 
through the origin, since f, = 1 when ¢ = 0 (for this value of ¢ implies that the reagent 
is of infinite reactivity and therefore non-selective). The first feature of note is that the 
graph for toluene is very nearly linear, showing distinct curvature only at rather high 
values of ¢. This reflects the very low polarisability of the methyl group. In a similar 
graph for the t-butyl group (not shown) it is difficult to detect any deviation from linearity, 
Herein lies justification for the assumption from which our equation was derived, namely, 
that the t-butyl group is non-polarisable. Equally, this original assumption is justified by 
the satisfactory correlation obtained from the equation. 

Secondly, the lines for the substituents F, Cl, and Br have minima, and the curve for 
Ph is compatible with existence of a minimum. This is expected if equation (6) is 
applicable, for it is a property of this equation that a minimum value of logy, /p occurs when 
¢ = oq/2ep, so that minima occur at positive values of ¢ for all substituents which have 
negative values of og. The calculated minima for these substituents are illustrated on 
the graphs by arrows. The physical significance of the minima is this: for reagents of 
high reactivity, resonance between the substituent and the aromatic ring is not of much 
importance in the transition state, and those substituents with negative values of og 
produce deactivated para-positions. With less reactive reagents, resonance between the 
substituent and aromatic ring becomes increasingly important, and the polarisability 
effect, which can only facilitate reactions, begins to outweigh in influence the unfavourable 
ground-state polarisation, so that the graph reaches a minimum and then rises. In this 
way the fara-deactivation of fluorobenzene in protodesilylation and in nitration and its 
activation in chlorination are understood. This also leads us to expect that chlorobenzene 
will be activated relatively to benzene with reagents of very strong electron-demand. 
Likewise, the greater reactivity of the para-position in t-butylbenzene than in toluene in 
nitration reflects the relative ground-state electron densities in these two positions, a 
measure of which is provided by the o-values of the two groups [o(/-Me) = —0-170; 
o(f-But) = —0-197 *4]. 

Brown and McGary * have recently predicted that substitution of a monosubstituted 
benzene can be represented by a linear graph passing through the origin when log,, /, is 
plotted against the selectivity factor, S;, for each reaction. Both S; and ¢ are measures 
of the electron-demand of the reagent and are therefore related, so on the basis of our 
results this prediction is incorrect since the plots of log,, fp against ¢ are not straight lines 
and for polarisable substituents deviate considerably from linearity. de la Mare and 
Ridd * have previously pointed out that Brown’s linear relation is not likely to be main- 
tained by substituents such as phenyl which have conflicting inductive and electromeric 
effects. It is not surprising that Brown and Stock 2’ obtained linear graphs for the 
reactions of toluene and t-butylbenzene because, as we have shown, both groups are 
virtually non-polarisable. 

The Ground-state Polarisation Constant, og.—It is apparent that the values of og 
derived from this treatment are similar in numerical value, though of opposite sign, to the 
values of the Hammett o-constant for the same para-substituent. The change in sign 
arises solely from our mathematical treatment and has no significance.* That the 
numerical values are similar was to be expected, for og measures a ground-state electron 


* The change is rendered necessary because, in equation (6), log,, f, must always increase with 
increasing polarisability of the substituent. Thus op¢* must be positive and so, regardless of the sign of 
¢, op must be positive. It is convenient that a group which releases electrons by virtue both of its 
permanent polarity and of its polarisability should have values of og and gp of the same sign, or it 
would appear that the two effects were opposing each other. Hence ag is positive for an electron- 
releasing group. For an electron-attracting group og is negative, and in this case the permanent 
polarisation brought about by the group and its polarisability do oppose each other. 


* Brown and McGary, ]. Amer. Chem. Soc., 1955, 77, 2300. 
26 Ref. 12, p. 242. 
2? Stock and Brown, J. Amer. Chem. Soc., 1959, 81, 3323; Brown and Stock, ibid., p. 5621. 
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density and so does the Hammett o-function. It was not, however, expected that the 
two values should coincide, for the Hammett o-constant has usually been derived from 
reactions in which some resonance interaction occurs between the substituent group and 
the functional centre. Consider, for example, the derivation of the o-value for the p-F 
group from the dissociation constant of -fluorobenzoic acid. There is evidence that the 
benzene ring interacts by resonance with the carboxyl group to a greater extent than with 
the carboxylate ion, the acid being stabilised in this way by about 1 kcal. mole* more than 
the ion. It is expected that the #-F substituent will interact more strongly with the 
carboxyl group than with the carboxylate ion for the same reason [t.e., structure (III) will 


“0. 07 


HO. LO” 
om - 
Ft (Iv) 


aim -F* 


contribute more than structure (IV)], and this resonance interaction must reduce the 
acidity of p-fluorobenzoic acid. Thus the o-value obtained from this acid dissociation 
constant will be less positive than if this particular interaction did not occur. (The 
bearing of interaction between substituent groups and the functional centre on o-values 
has recently been examined in great detail by Van Bekkum, Verkade, and Wepster.”) 
Now, og measures the electron density in a molecule in which no such para-resonance 
interaction occurs between substituent and functional centre because og is obtained by 
extrapolation to zero interaction. Fluorobenzene is therefore expected to have a more 
positive value of og than the values of « obtained from acid dissociation constants and 
related reactions and equilibria. The difference in sign of the two scales of o-values 
being borne in mind, this is what is found, for the o-value from the dissociation constant 
of #-fluorobenzoic acid is +0-062,% and from our treatment it is —0-1. Again, the Ph 
group has a small negative o-value, indicating weak electron-release to the para-position 
in p-phenylbenzoic acid, whereas its small negative og-value indicates resulting electron- 
attraction from the para-position when there is no resonance interaction between the 
phenyl group and the functional centre. This result is in accord with the deactivating 
effect of the m-Ph group in electrophilic substitutions.12 Groups which withdraw electrons 
from the ring by the inductive effect but release them to the ring by the mesomeric effect 
will therefore appear to be more strongly electron-withdrawing when examined by our 
extrapolatory procedure than when their o-values are determined from dissociation 
constants. Indeed, a better indication of the electron distribution in a benzenoid com- 
pound can probably be obtained by the method we have used, provided that enough 
experimental data are available for the substituent in question to enable an accurate 
extrapolation to be made. 

The Polarisability Constant, sp.—The values of op derived from equation (6) require 
two comments. First, the methyl group is essentially non-polarisable. Its op-value is 
less than one-fifth of that of any other group we examined save t-butyl This argues that 
hyperconjugative electron-release must be, at most, a small factor in determining the 
reactivity of toluene and related compounds; it is certainly small compared with the strong 
conjugative effects observed, for example, with the phenyl group. Secondly, it might not 
have been expected that fluorine would be a less polarisable substituent than chlorine or 
bromine. Of the halogens, fluorihe seems best able to conjugate with aromatic systems, as 
shown by its having the smallest o-value of these groups in the para-position. It would seem 

*8 Taft in ‘‘ Steric Effects in Organic Chemistry,” ed. M. S. Newman, John Wiley and Sons, Inc., 


New York, 1956, p. 581. 
*® Van Bekkum, Verkade, and Wepster, Rec. Trav. chim,, 1959, 78, 815, 
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that fluorine ought also to be the most capable of the halogens in conjugating with the aromatic 
ring in the transition state. Our interpretation of its small op-value is this: the greater 
conjugation between fluorine and the aromatic ring than between chlorine or bromine 
and the aromatic ring in the ground state means that chlorine and bromine are electron- 
rich relatively to fluorine in this state and they are therefore the more readily able to 
donate electrons to the aromatic ring in the transition state. Further speculation on 
these polarisabilities is not at present justified because the experimental results available 
do not enable parameters to be calculated with a high degree of accuracy. 

The Electron-demand Constant, ¢.—The ¢-value of a reaction is a measure of the 
reactivity of the reagent. Electrophilic reagents have positive ¢-values, ¢ being zero for 
a reagent of infinite reactivity, and increasing with decrease in the reactivity of the reagent. 
The ¢-value also yields information about the extent to which the Wheland intermediate 
is formed at the transition state, and therefore there should be a maximum ¢-value corre- 
sponding to complete formation of the Wheland intermediate at the transition state. 
Mason has recently adduced evidence that in uncatalysed bromination this situation 
probably obtains,®* from which it may be concluded that ¢ has a maximum value equal 
to, or not much greater than, the value for this reaction (15-1). 


In summary, equation (6) shows promise of being able to correlate aromatic reactivities 
with a degree of precision not attainable by means of the Hammett equation. Application 
of the equation necessitates the evaluation of two parameters for each substituent group, 
one being associated with the ground-state electron distribution evoked by that group, 
and the other with the capacity of the group to stabilise the electron-deficient transition 
state by the resonance mechanism. Thus the equation amounts to a quantitative 
expression of Ingold’s views on aromatic reactivities in which static effects and time- 
variable effects are separately treated. We do not consider we have yet achieved a 
close approximation to finality in the values for the parameters which have been derived. 
The treatment is now being extended both to other reactions for which data are available 
and to meta-substituent groups, and it is hoped later to publish a more detailed analysis. 


EXPERIMENTAL 


Materials.—Benzene, the alkylbenzenes, fluorobenzene, o-, m-, and p-nitrotoluene, and 
o-, m-, and p-nitrofluorobenzene were commercial materials. p-Nitrotoluene was recrystallised 
to constant m. p., and the remainder were purified by fractional distillation and their purities 
were checked by gas chromatography. Fuming nitric acid (B.D.H. “ AnalaR’’; d 1-5) was 
employed for all nitrations. 

The o-, m-, and p-nitro-derivatives of ethylbenzene, isopropylbenzene, and t-butylbenzene 
were prepared by nitration of the parent alkylbenzenes. The individual isomers were separated 
by gas chromatography. The column (446 cm. x 2-58 cm.) was packed with Apiezon ‘“ L”’ 
grease (30% w/w) coated on Embacel and was operated at 175° and 180° (see Table 7) witha 
carrying stream of nitrogen (800 ml./min.) at an inlet pressure of 20 Ib./in.? and atmospheric 
pressure at the outlet. The eluting material passed into a cold trap at —70°, followed by an 
electrostatic precipitator at 15,000 v. Collection efficiency was higher than 90%. A small 
proportion (less than 1%) of the eluting compounds was simultaneously detected by a hydrogen- 
inject flame ionisation detector. Under these conditions complete resolution of o-, m-, and 
p-nitro-isomers occurred, and gram quantities of all isomers were obtained. The order of 
elution of compounds from Apiezon “ L”’ grease is known to be generally that of the boiling 
points. This order was confirmed for each set of three isomers by the physical properties and 
infrared spectra of the materials obtained. The column temperatures, retention times, and 
refractive indices are shown in Table 7. 

Alkylbenzenes.—(a) Isomer distribution. Nitrations were carried out at 0°. A mixture of 
nitric acid (0-005 mole) and acetic anhydride (0-005 mole) was added to the alkylbenzene (0-01 
mole) during 1 hr. with shaking. The temperature variation was not more than 0-5°. After 


3° Ingold, “‘ Structure and Mechanism in Organic Chemistry,” G. Bell and Sons, London, 1953. 
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2 hr, water was added and the whole was extracted four times with ether. The ether extract 
was concentrated and analysed by gas chromatography. The column (400 cm. x 4:5 mm.) 
was packed with Apiezon “‘L”’ grease (20% w/w) coated on Embacel and was operated at 


TABLE 7. Retention times and physical properties of mononitroalkylbenzenes. 


Column Retention Refractive Lit. 

Compound temp. time (min.) index (20°) value 
o-Ethylnitrobenzene 175° 1-5280 1-5352 ¢ 
m-Ethylnitrobenzene 175 1-5370 1-5390¢ 
p-Ethylnitrobenzene 175 1-5455 1-5459¢ 
o-Isopropylnitrobenzene 178 1-5233 1-5248 ¢ 
m-Isopropylnitrobenzene 178 1-5301 1-5303¢ 
p-Isopropylnitrobenzene 178 1-5363 1-5369 ¢ 
o-Nitro-t-butylbenzene 180 1-5177 1-5171% 
m-Nitro-t-butylbenzene 180 y 1-5269 1-5273° 
p-Nitro-t-butylbenzene 180 1-5335 1-5337° 
(m. p. 27°) (m. p. 28°) 
« Brown and Bonner, J. Amer. Chem. Soc., 1954, 76, 605. Nelson and Brown, J. Amer. Chem. 
Soc., 1951, 78, 5605). 


temperatures between 130° and 180° (see Table 8). Nitrogen (30 ml./min.) was used as the 
carrier gas, at an inlet pressure of 72 cm., with atmospheric pressure at the outlet. A hydrogen- 
inject flame ionisation detector coupled to a Sunvic recorder gave a linear response. 

The injection of standard mixtures of each set of isomers showed that the ratio of the peak 
areas was proportional within 2% to the ratio of the quantities of the three materials. Peak 
areas were measured by constructing triangles made up of tangents to the Gaussian curves 
and the intercepts on the base line. The analysis of standard mixtures of isomers submitted 
to the same extraction procedure showed that the extraction was quantitative. The retention 
times of the isomers on the columns described, and the isomer proportions obtained, are set 
out in Table 8. 


TABLE 8. JIsomer distributions and retention times of nitro-derivatives. 
Isomer distribution Retention times 


o-nitro m-nitro p-nitro o-nitro m-nitro  /p-nitro Column 

Compound (%) (% % (min.) (min.) (min.) temp. 

Toluene 61-6 36-7 40 50 57 135° 
63-0 35-5 
61-5 37-1 
59-5 38-7 
average 61-4 37-0 
Ethylbenzene 45°8 51-0 
45-6 51-1 
46-2 50-5 
50-8 
66-3 
68-3 
67-9 
67-5 
83-2 
83-2 
83-2 
91-3 
91-3 
91-3 


average 
Isopropylbenzene ... 


average 
t-Butylbenzene 
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average 
Fluorobenzene 
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(b) Overall reactivities. A mixture of toluene (0-02 mole), the competing alkylbenzene 
(0-02 mole), and a standard material (decane or undecane) (approx. 2 g.) was made up and 
divided into two parts. To one pprtion was added a mixture of nitric acid (0-007 mole) and 
acetic anhydride (0-007 mole) as in the direct nitrations described above. To the other portion 
acetic anhydride (0-007 mole) alone was added. After 2 hr. the reaction was stopped and the 
mixtures were extracted as before. The extracts from each mixture were injected consecutively 
into the same gas-chromatographic column as was used for the isomer-ratio determinations. 
By comparison of the heights of the peaks of toluene and the competing alkylbenzene relative 
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to the standard in the two mixtures, the amounts of each used up in the nitration were 
calculated. By using the relation derived by Ingold eé¢ al.™ k,/ky = (log */x9)/(log v/y), the 
reactivities with respect to toluene were obtained. These are shown in Table 9. To check 
this method, standard mixtures of varying proportions of the three compounds involved were 
injected. The changes in peak heights relatively to the standard were shown to be proportional 
to the differences in amounts of the other two components present. It was also shown that, 
under the conditions of the nitrations, the internal standard material did not react. This was 
done by adding equal amounts of an external standard to equal amounts of the internal standard 
before and after the attempts to nitrate it, and comparing peak heights produced by the 
mixtures at each stage. 

Fluorobenzene.—(a) Isomey distribution. The nitration of fluorobenzene was carried out 
at 25°. Amounts of materials similar to those used for the alkylbenzenes were employed, and 
the reaction mixture was left for 12 hr. The extraction procedure was as previously described, 
and the isomer ratio was determined by gas chromatography. The column (400 cm. x 45 
mm.) was packed with Apiezon “‘ L”’ grease (20% w/w) coated on firebrick (50—90 mesh) and 
was operated at 130°. Hydrogen (30 ml./min.) was used as the carrier gas, at an inlet pres- 
sure of 58-5 cm. with atmospheric pressure at the outlet. A flame-ionisation detect or coupled to 
a Honeywell—Brown recorder gave a linear response. As before, standard mixtures of isomers 
were used to demonstrate the proportionality of peak height and amount of material, and to show 
that extraction was quantitative. The retention times and the proportions of the isomers 
obtained in the reaction are shown in Table 8. No evidence of the formation of the meta- 
isomer was obtained, even though the instrument was capable of detecting about 0-2% of a com- 
ponent in a mixture. 

(b) Overall reactivity. The rate of nitration of fluorobenzene relatively to benzene was 
determined in a competitive reaction between the two compounds, decane being used as the 
internal standard. The procedures of nitration and extraction were essentially the same as 
for the alkylbenzenes, except that nitration was allowed to continue for 12 hr. Care was 
taken to prevent any loss of material by evaporation, and under the conditions used it was 
found that no such loss occurred. Gas chromatography was used as before to follow the reaction. 
The column (200 cm. x 4:5 mm.) was packed with polyethylene glycol (5% w/w) and stearic 
acid (2% w/w) coated on Embacel, and was operated at 51°. Hydrogen (42 ml./min.) was used 
as the carrier gas, at an inlet pressure of 29-5 cm., with atmospheric pressure at the outlet. 
Under these conditions complete resolution of the three components was observed. The values 
for the reactivity of fluorobenzene relative to benzene are shown in Table 9. 


TABLE 9. Competitive experiments. 


Reactivity relative to Reactivity relative to 
Compound toluene benzene Compound toluene benzene 
Toluene .... 2.0000. 1 27¢ t-Butylbenzene ... 0-530 
Ethylbenzene ...... 0-763 0-526 
0-892 0-574 
0-810 0-611 
0-760 average 0-560 +. 0-032 15-1 + 08 
0-929 Fluorobenzene ... 0-143 
0-936 0-141 
average 0-848 + 0-077 22-8 + 1-9 0-135 
Isopropylbenzene 0-622 0-144 
0-685 0-141 + 0-003 
0-682 
0-640 
average 0-652 + 0-026 17-7 + 0-7 * Value reported in ref. 21. 


We thank Messrs. A. E, Thompson and F. Hastings for their help with both the preparative 
and the analytical gas chromatography. Two of us (J. R. K. and G. K. R.) thank Merton 
College for research scholarships. 


THe Dyson PERRINS LABORATORY, OXFORD. [Received, April 14th, 1960.] 
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949. Organic Peroxides. Part IV.1_ The Decomposition of 
Benzophenone Peroxide. 


By J. I. G. Capocan, D. H. Hey, and W. A. SANDERSON. 


The thermal decomposition of benzophenone peroxide in p-cymene and in 
nitrobenzene has been studied. In both cases the main reaction is elimin- 
ation of oxygen to give benzophenone. In nitrobenzene, phenyl benzoate 
is also formed. The mode of formation of these products is discussed. 


LEBEDEV et al.” ozonised 1,1,3,3-tetraphenylbut-l-ene and obtained a product which began 
to melt at 170° with the evolution of oxygen and the formation of benzophenone. They 
suggested that the compound was benzophenone peroxide and assigned the structure (I), 
although this was not supported by analysis or molecular-weight determination. Pure 
dimeric benzophenone peroxide (II) was first prepared by Kohler and Richtmyer * by the 
ozonisation of triphenylethylene, and these workers noted that it decomposed at 220—230° 
into benzophenone and oxygen. Sirice then, ozonisation of a number of compounds of 


Ph. 9 Ph. ,O-O, LPh 
IT) Ph~ “O Ph~ ~O-O° ‘Ph (IT) 
( ( 


the type Ph,C:CR’R” (R’, R” = H, alkyl, or aryl) has been reported * to give dimeric 
benzophenone peroxide, m. p. 200—220°. Kambara, Okita, and Muto 5 also claim to 
have prepared the peroxide by the oxidation of thiobenzophenone and of benzophenone 
with hydrogen peroxide (30% w/w), but report m. p. 70°. Dilthey, Inkel, and Stephan ® 
obtained phenyl] benzoate (m. p. 70—71°) by this method, although acetone, cyclohexanone, 
and similar ketones gave the expected peroxides. 

No work has been carried out to confirm the validity of the proposed cyclic structure 
(II) of dimeric benzophenone peroxide, but the observed molecular weight, together with 
the generally accepted cyclic structure of related peroxides,’ suggests that the structure 
(II) is correct. 

Although the thermal decomposition of the crystalline peroxide has been studied, no 
reports concerning its decomposition in solution have appeared. In theory, the decom- 
position can proceed by two ways: intramolecular elimination of oxygen to give benzo- 
phenone (reaction i), or homolysis of the peroxide links, either simultaneously or in 
succession, to give the diphenylmethylenedioxy-diradical (III) (reaction ii), Further 
breakdown of the diradical may then occur, again by two ways: rearrangement to give 


2Ph,CO +O 
ph, fo“O. ph 27 “ a at 
pho “OL 0" Ph TS mae Ph-CO,Ph 
Ph~ ~O- Ph: + Ph:CO,- 
(111) 


iv 


phenyl benzoate, or decomposition to give a phenyl radical and a benzoyloxy-radical, the 
latter in turn giving a further phenyl radical and carbon dioxide. Experiments designed 
to investigate these possibilities are now described. These involve the decomposition 
of the peroxide, prepared by the ozonisation of tetraphenylethylene, in p-cymene, which 
is an oxygen acceptor, and in nitrobenzene. 


1? Part III, Cadogan, Hey, and Sanderson, J., 1960, 3203. 

* Lebedev, Andreevsky, and Matyuschkina, Ber., 1923, 56, 2349. 

* Kohler and Richtmyer, J. Amer. Chem. Soc., 1930, 52, 2038. 

* Marvel and Nichols, (a) J. Amer. Chem. Soc., 1938, 60, 1455; (b) J. Org. Chem., 1941, 6, 296. 
5 Kambara, Okita, and Muto, J. Chem. Soc. Japan, 1949, 70, 31. 

* Dilthey, Inkel, and Stephan, J. prakt. Chem., 1940, 154, 219. 

? Criegee, Schnorrenberg, and Hecke, Annalen, 1949, 565, 7. 
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The results of these experiments, summarised in the Table, show that the main reaction 
is intramolecular decomposition of the peroxide to give benzophenone and oxygen 
(reaction i). Oxygen was not isolated as such but the reaction with p-cymene gave 
4-methylacetophenone and #-isopropenyltoluene, both of which presumably arose by the 
thermal decomposition of «,«,4-trimethylbenzyl hydroperoxide formed by the oxidation 
of p-cymene, as in the annexed reaction scheme. The isolation in this case of 2,3-dimethyl- 
2,3-di-f-tolylbutane (IV), formed by dimerisation of the resonance-stabilised «,«,4-tri- 


Ar-CH(CH,), ——B> Ar*C(CH,),°O°OH ——B> AreC(CHy)2*O° -}- HO* 
Ar*C(CH,)3°O* ——B> Ar-COCH, + *CHy 
Ar*C(CHg)*O* ++ Ar*CH(CHy), ——B> Ar*C(CHy)s"OH ++ Ar*C(CHy)s 
Ar-C(CH,),°OH — Ar-C(CH,):CH, + H,O 
*CHg(or *OH) + Ar*CH(CH,), ——B CH,(or H,O) ++ Ar*C(CHy) 
2AreC(CHy)g ——B> ArC(CHg)g°C(CHsg)g*Ar (IV) 
(where Ar = p-CHg°C,H,) 


Decomposition of benzophenone peroxide in nitrobenzene and in p-cymene.* 
Peroxide accounted 


Solvent Temp. Ph,CO Ph-CO,Ph Ph-CO,H for (%) 
Nitrobenzene ? ............... 211° 1-47 0-23 0-29 94 
p-Cymeme ® ..........ccccccee 176° 1-75 0 0-12 94 


* Figures represent moles per mole of peroxide, unless otherwise stated. 

1 Mean of two experiments; nitrobiphenyls (0-08 mole/mole) were also detected. * 4-Methy)l- 
acetophenone (0-16 mole/mole), 2,3-dimethyl-2,3-di-p-tolylbutane (0-33 mole/mole), and p-isopropenyl- 
toluene (0-25 mole/mole) were also formed. 


methylbenzy] radicals, is in accord with the reaction sequence given, which is also supported 
by the reported formation ° of ««-dimethylbenzyl hydroperoxide in the analogous oxidation 
of isopropylbenzene. Foster and Williams*® have moreover obtained the analogous 
a-methylstyrene on decomposition of benzoyl peroxide in isopropylbenzene in the presence 
of air, but not in the presence of nitrogen, indicating that «-methylstyrene was formed as 
a result of oxidation of the solvent. The amounts of 4-methylacetophenone, f-isopropenyl- 
toluene, and 2,3-dimethyl-2,3-di-p-tolylbutane formed are consistent with the formulation 
given, but not all of the oxygen produced in the initial decomposition of the peroxide is 
accountable in this way. It is assumed that such an oxidation of /-cymene is an inefficient 
process. 

No direct evidence for the formation of the diphenylmethylenedioxy-diradical (III) in 
the reaction with p-cymene is available, although small amounts if present would have 
escaped detection by our method of product analysis since they could be expected to give 
eventually some of the products (benzophenone, 2,3-dimethyl-2,3-di-p-tolylbutane) 
obtained by oxidation of the solvent. The isolation, on the other hand, of small quantities 
of phenyl benzoate from the reactions with nitrobenzene suggests the precursory formation, 
followed by rearrangement, of the diradical (III). Small amounts of benzoic acid were 
also extracted in these cases, but controlled extraction experiments showed that some, at 
least, of the acid was chemically bound in an unidentified alkali-labile compound other 
than phenyl benzoate or the nitrophenyl benzoates. In addition, infrared spectrographic 
analysis indicated that the experiments with nitrobenzene gave small amounts of nitro- 
biphenyls in proportions similar to those obtained by free-radical phenylation. Since 
benzophenone and phenyl benzoate are stable in these conditions, it is suggested that the 
decomposition of benzophenone peroxide in nitrobenzene also gives free phenyl radicals, 
possibly by way of the diradical (ITI). 


® Hock and Lang, Ber., 1944, 77, 257; see also Kharasch, Fono, and Nudenberg, J. Org. Chem., 1951, 
16, 113. 
® Foster and Williams, personal communication. 
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EXPERIMENTAL 


Chromatographic separations were carried out on activated alumina (Peter Spence & Sons, 
Ltd., Type ““H’”’). M. p.s were corrected. Gas—liquid chromatography was on a Perkin- 
Elmer ‘‘ Fraktometer ’’ Model 116, fitted with a high-sensitivity, dual, thermal-conductivity 
detector which normally gives a response proportional to molecular weight. This response 
was tested where possible by analysis of mixtures of known composition and found to be 
satisfactory. 

Nitrobenzene (“ AnalaR’”’) was purified as previously described.” -Cymene was 
fractionally distilled under nitrogen. Analysis by gas-liquid chromatography showed no 
other components. 

Dichlorodiphenylmethane (b. p. 126°/0-15 mm.) was prepared by the method of Staudinger 
and Freudenberger #4 who reported b. p. 180—181°/17 mm. Tetraphenylethylene (from 
benzene-ethanol), m. p. 230—234°, was prepared by the condensation of dichlorodiphenyl- 
methane with diphenylmethane as described by Norris, Thomas, and Brown,!* who reported 
m. p. 220—222°. 

p-Isopropenyltoluene (b. p. 98°/30 mm., m,** 1-5340) was prepared by the dehydration 
(acetic anhydride) of «,«,4-trimethylbenzyl alcohol prepared from methylmagnesium iodide and 
4-methylacetophenone. Bachmann and Hellman ™ reported b. p. 77°/19 mm., n,** 1-5290. 

Dr. G. H. Williams of King’s College, London, is thanked for a sample of 2,3-dimethy]l- 
2,3-di-p-tolylbutane, m. p. 157—158°. 

Benzophenone Peroxide.—The method of preparation was based on that of Marvel and 
Nichols. Ozonised oxygen (18 1./hr.; 1% of ozone) was passed for 3 hr. into a solution of 
tetraphenylethylene (2 g.) in carbon tetrachloride (125 ml.). The cloudy solution was filtered 
and the solvent was removed under reduced pressure. The residue, in ethanol (10 ml.) was 
filtered, to leave benzophenone peroxide (0-7 g., 58%), which, crystallised from dimethyl- 
formamide, had m. p. 216—217° (decomp.). Some variation in the m. p. was observed, 
according to crystal size and rate of heating [Found: C, 78-8; H, 5-15; M (ebullioscopic in 
benzene), 427. Calc. for C,,H,.O,: C, 78-8; H, 5-1%; M, 396]. Marvel and Nichols * reported 
m. p. 206-5—215-5°, according to crystal size and rate of heating. The infrared spectrum 
showed the characteristic “‘ peroxide ’’ peak at 10-13. The ethanolic filtrates, on evaporation, 
left a mixture of benzophenone and phenyl benzoate. 

Attempts to prepare the peroxide by the reaction of (85% w/w) hydrogen peroxide with 
benzophenone or dichlorodiphenylmethane were unsuccessful. The former reaction gave an 
unidentified peroxide, m. p. 90—92°, which liberated iodine from acidified potassium iodide. 
The latter, which was very vigorous, gave benzophenone, m. p. and mixed m. p. 47—48°. 

Decomposition of Benzophenone Peroxide in p-Cymene.—The peroxide (1-2900 g.) in p-cymene 
(100 ml.) was boiled under reflux (176°) in an atmosphere of nitrogen for 64 hr. The mixture 
was fractionally distilled under nitrogen through a helix-packed column (25 cm.) fitted with a 
suitable head. Analysis by gas-liquid chromatography of the first portion (12-5 g.) of the 
distillate showed that no benzene (<0-1%) was present. Extraction of the residue with 
saturated sodium hydrogen carbonate solution gave benzoic acid (0-0216 g.), m. p. and mixed 
m. p. 117—120° (from light petroleum). Extraction with 4N-sodium hydroxide gave more 
benzoic acid (0-0269 g.), m. p. and mixed m. p. 116—117°. The dried (MgSO,) p-cymene 
solution was then distilled under nitrogen to leave a residue (ca. 10 ml.) which, on distillation 
at 0-1 mm., gave the following fractions: (a) b. p. <50° (8-682 g.); (b) b. p. 50—80° (1-613 g.); 
(c) b. p. 80—140° (1-5862 g.); a residue (0-0164 g.), b. p. >220°. Fraction (a) was shown by 
gas-liquid chromatography to be pure p-cymene. The infrared spectrum of fraction (b) indicated 
the presence of 4-methylacetophenone and p-cymene. It decolorised bromine water much 
more rapidly than a synthetic mixture of p-cymene and 4-methylacetophenone. It was 
analysed by gas-liquid chromatography through a 2-m. Perkin-Elmer “C” column (Dow 
Corning silicone oil D.C. 200/50c. S.T. on “‘ Celite ’’) at 170°, with a column pressure 0-5 kg./cm.?, 
nitrogen flow at 4 ml./min., and detector voltage at 6 v; this showed, by comparison with 
synthetic mixtures, that it contained p-cymene 88-9%, p-isopropenyltoluene 6-7%, and 4- 
methylacetophenone 4:4%. The retention times of these components, relative to p-cymene, 

1 Cadogan, Hey, and Sanderson, J., 1958, 4498. 

1 Staudinger and Freudenberger, Org. Synth., Coll. Vol. II, 573. 


12 Norris, Thomas, and Brown, Ber., 1910, 48, 2940. 
' Bachmann and Hellman, J. Amer. Chem. Soc., 1948, 70, 1772. 
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were 1; 1-3: 1-8. The presence of 4-methylacetophenone was confirmed by condensing the 
vapour of the final fraction on a rock-salt plate, and recording the infrared spectrum, which 
corresponded to that of pure 4-methylacetophenone. 

Fraction (c) could not be resolved by gas-liquid chromatography, even at 300°. A portion 
(0-7202 g.) of the homogenised fraction was chromatographed on alumina: elution with light 
petroleum (b. p. 60—80°) gave 2,3-dimethyl-2,3-di-p-tolylbutane (0-1316 g.), m. p. and mixed 
m. p. 156—158°; elution with benzene-light petroleum (b. p. 60—80°) (1: 2) gave unidentified 
colourless crystals (0-0132 g.); elution with benzene gave benzophenone (0-4698 g.), m. p. and 
mixed m. p. 46—48°; elution with chloroform gave an unidentified yellow oil (0-0542 g.) which 
exhibited a strong infrared peak at 3 » (OH); elution with methanol gave an unidentified yellow 
semisolid material (0-0201 g.), whose spectrum, although different from that of the preceding 
fraction, also showed a peak at 3. The recovery from the column was 96%. 

A control experiment, in which p-cymene alone was boiled under reflux under nitrogen for 
64 hr., was worked up in the same way. Neither 4-methylacetophenone nor p-isopropenyl- 
toluene was detected. 

Decomposition of Benzophenone Peroxide in Nitrobenzene.—The peroxide (1-0936 g.) in 
nitrobenzene (170 ml.) was boiled under reflux for 6} hr. The dark solution was extracted 
with saturated aqueous sodium hydrogen carbonate (3 x 75 ml.) and then with water (50 ml.), 
The combined aqueous portions were washed with benzene (30 ml.), which was added to the 
nitrobenzene portion, and were acidified. Extraction with ether (4 x 30 ml.) gave impure 
benzoic acid (0-0378 g.) (identified by infrared spectroscopy). Extraction of the nitrobenzene- 
benzene solution with 4Nn-sodium hydroxide (3 x 30 ml.) similarly gave more impure benzoic 
acid (0-1914 g.). Sublimation of the impure products gave benzoic acid (0-140 g.; m. p. and 
mixed m. p. 113—115°). The residue was not identified. Extraction of the nitrobenzene- 
benzene solution with 4n-hydrochloric acid (3 x 30 ml.) gave no product. The nitrobenzene- 
benzene solution was dried (Na,SO,) and distilled to leave a small residue, which was distilled 
to give a yellow oil (0-8576 g.; b. p. 82—92°/0-07 mm.) and a residue (0-0026 g.). The infrared 
spectrum of the oil indicated the presence of much benzophenone, together with phenyl benzoate 
and a small quantity of nitrobiphenyls (peaks at 6-53, 7-40, and 11-75 y). The distillate, 
analysed by an infrared method making use of the carbonyl absorptions at 5-69 (phenyl benzoate) 
and 5-97 u (benzophenone), contained benzophenone (79%) and phenyl benzoate (18-6%). A 
synthetic mixture of benzophenone (74-5%), phenyl benzoate (22-0%), and a mixture of isomeric 
nitrobiphenyls (3-5%), obtained by the phenylation of nitrobenzene with benzoyl peroxide, gave 
the following results on analysis by the same method: benzophenone, 72%; phenyl benzoate, 
215%. The spectra of the synthetic and of the experimental mixtures were very similar, 
although it was evident that the latter contained more benzophenone and less ester. 

The concentrations of nitrobiphenyls appeared to be approximately the same in each case. 
The mixture was not resolved by gas-liquid chromatography. 

A portion (0-59 g.) of the homogenised product was chromatographed on neutralised, 
deactivated alumina, prepared by the method of Farrar, Hamlet, Henbest, and Jones," 
Elution with light petroleum (b. p. 60—80°) (50 ml.) gave impure phenyl benzoate (0-044 g.). 
After recrystallisation from aqueous ethanol it had m. p. and mixed m. p, 67—-70°. Further 
elution (600 ml.) gave a mixture (0-51 g.) of benzophenone and phenyl benzoate (infrared) and 
the final eluate (400 ml.) gave benzophenone (0-015 g.), m. p. and mixed m. p, 46—48°. The 
recovery from the column was 96%. 

Chromatography on un-neutralised, activated alumina caused hydrolysis of phenyl benzoate. 

Extraction Experiments.—It was shown that benzoic acid was extracted quantitatively 
from nitrobenzene solution by sodium hydrogen carbonate solution as described in the previous 
experiment, whereas phenyl benzoate and the isomeric nitrophenyl benzoates in nitrobenzene 
were not hydrolysed by sodium hydrogen carbonate or 4nN-sodium hydroxide. Phenyl benzoate 
and benzophenone were shown to be stable in boiling nitrobenzene. 


This work was carried out during the tenure (by W. A. S.) of a Peter Spence Fellowship. 
Thanks are accorded to Mr. G. Scott of Imperial Chemical Industries Limited for his help with 
the ozonisation experiments. 

Krnc’s CoLLEGE UNIVERSITY OF LONDON, 
StRaND, Lonpon, W.C.2. [Received, April 19th, 1960.) 
™ Farrar, Hamlet, Henbest, and Jones, J., 1952, 2657, 
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950. Interaction at a Distance in Conjugated Systems. Part V.1- The 
Ultraviolet Spectra of Phenyl-pyridines and -pyridine 1-Oxides and 
their 3’- and 4'-Nitro- and -Amino-derivatives. 


By A. R. Katritzky and P. SIMMons. 


The ultraviolet spectra of the ionic and neutral species of the compounds 
mentioned in the title are recorded. The separate and combined effects of 
hetero-groups and substituents on the energy of transition to the first excited 
state of biphenyl are discussed. 


TuE basicities ? of phenylpyridines indicate that interaction between substituents in the 
phenyl rings and the heterocyclic group is small, and approximately equal to that for 
styrylpyridines.* We showed that interaction in the first excited state was qualitatively 
similar but quantitatively stronger for the styryl- and phenylethynyl-series.__ We now 
report on the ultraviolet spectra of the phenyl compounds. 

Gillam, Hey, and Lambert ¢ recorded the spectra of the phenylpyridines in ethanol, and 
drew attention to their similarity to the spectrum of biphenyl. Krumholtz® measured 
spectra of the phenylpyridines and their cations in aqueous solution; the present results 
are in good agreement with his work. 


. re 
+7 um, UD? ‘Sue 
a " == a) 


Absorption maxima are recorded in Table 1. 4’-Amino-2- and -4-phenylpyridine have 
two well-separated pK values; * the spectra taken at the pH midway between these values 
show that the predominant mono-cations are as (I) and not as (II), because the spectra of 
forms of type (iI) would be similar to that of 2-phenylpyridine as a free base. 

The frequencies of the longest-wavelength bands are proportional to the energy of the 
electronic transition from the ground to the first excited state. 4-Amino- and 4-nitro- 
groups have large effects on the ultraviolet spectrum of biphenyl; ammonio- and 3-nitro- 
groups have small effects. 3-Aminobiphenyl shows two bands in the region. The effects 
of the hetero-groups in the unsubstituted heterocyclic compounds are indicated by the 
differences between their frequencies and that of biphenyl. These differences (see Table 2) 
are all negative (except for 3Py, which is anomalous, and 2PyO where steric hindrance 
occurs), showing that the introduction of the heterogroups lowers the energy of transition 
to the excited state. Numerically, they are much less for the 3-series than for the 2- and 
4series where direct mesomeric interaction between the phenyl and the heterogroup is 
possible. In each series they are in the expected } order, Py < PyO < PyH* < PyOH", 
except that the values for 2PyO and 2PyOH* compounds are not as negative as expected 
(which may be explained by steric inhibition of mesomerism in these compounds) and 
that the value for the 4PyO-compound is somewhat more negative than expected. The 
relatively large value for 2-plienylpyridine may indicate greater planarity for this com- 
pound than for biphenyl. 

For the substituted heterocyclic compounds, the substituent will alter the extent to 
which the heterogroup intetacts with the rest of the system, and vice versa. These two 
effects cannot be separated; as before, we have taken 


Vinteract. = Ysubst. het. “ Vbenz. — Yhet. — Yeubst. bens. 
as a measure of the interaction between the substituents and the heterogroups. 


! Part IV, Katritzky, Boulton, and Short, J., 1960, 2954. 
* Part I, Katritzky and Simmons, /., 1960, 1511. 

* Part II, Katritzky, Boulton, and Short, J., 1960, 1516. 
‘ Gillam, Hey, and Lambert, J., 1941, 364. 

* Krumholtz, J. Amer. Chem. Soc., 1951, 78, 3487. 
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TABLE 1. Ultraviolet maxima (107 cm.+1; log < in parentheses). 
8 
2-Phenylpyridines 
3 ; (neutral molecule) (cation) 
Subst Biphenyls — — 
4’-NH, 368 (4-29) 366* (4-04) 342 (4:21) 408 (3-79) 286 (4-12) 
3’-NH, = pir 441 (4:35) 360 (3-98) b 
BE cccoochsocni 405 (4-21) 415 (4-09) 362 (3-99) 413 (3-89) 340 (4-07) 
3’-NH,* 402 @ (4-19) b 422 (3-96) 345 (4-19) 
4’-NH,* 403 (4-26) b 426 (3-91) 347 (4-12) 
3’-NQ, ...... 400 (4-40) 422 (4-27) 366 (4-23) 429 (4-20) 356 (4-26) 
ow ¢ 448 (4-01 - - P 
4'-NOg......{ $59 y 18} 457 (405) 331 (4:24) + 386 * (3-83) 339 (4-33) 
2-Phenylpyridine 1l-oxides 
(neutral molecule) (cation) 
Y Vaan ak aoa 9 “ty ‘ws r osu eaienticemmnats a ~ 
eae 476 (431) 389 (4-23) 333 (3-97) b 
3’-NHg...... 474 (4-00) 433 (4-39) — b 
ededbiethese — 417 (4-32) 385 * (3-96) 463 (3-99) 403 (3-75) 341 (4-03) 
3’-NH,* 490 (4-31) 424 (4-30) 383 * (3-86) 465 * (4-11) 417 * (3-79) 352 (3-97) 
4’-NH,' 488 (4-37) 424 (4-30) 388 (3-96) 465* (4-15) 415* (3-82) 352 (4-01) 
3’-NO, ...... 426 (4-39) 379 (4-15) 469 (4-27) 424 * (4-06) 358 (4: 13) 
4’-NO,...... * (4-12) 380 (4-20) 348 * (3-96) sane ome 344 (4-18) 
3-Phenylpyridines 3-Phenylpyridine 1-oxides 
(neutral molecule) (cation) (neutral) (cation) 
om ~ » ll anne TEE coe 
4’-NH,...... 417* (3-68) 357 (4-17) b ¢ c 
410 (4°12) ; 388 (3-98) 429 (4-10) 
Whi stsmsinbiate 376+ (3-86) 493 (410) {369 (3.79) 402 (4-41) 380 (4-04) 
, . 398 (3-93) 
4’-NH,* ... b 429 (4-10) 362 * (3-84) b c 
, 379 (4:30 . 
4’-NO,...... 459 (3-95) 337 (4:08) 472 (4-06) 340 (4-15) { poh (a- 22) 351 (4-25) 
4-Phenylpyridines 4-Phenylpyridine l-oxides 
(neutral) (cation) (neutral molecule) (cation) 
——— —_—— a Ay 
oN ory “441 \* 3-79 
4’-NH,...... 337 (428) 277 (430) { 305s ts. 79) 303 (4 20) b 
, 429 (4-35) 
3’-NHj...... 389 * (4-11) b c c 
; . . 9 (4: 463 * (3-98) 
| er 391 (4-21) 350 (4-24) 474 (4-20) 342 (4-35) 334 (4-25) 
3’-NH,* b 369 (4-28) c c 
4’-NH,* b 366 (4-29) 476 * (4-14) 345 (4-19) 356 (4-16) 
3’-NQ, ...... 408 (4-37) 373 (4°43) 469 (4-42) 351 (4-54) 362 (4-48) 
. . 
4’-NO,...... yo ( can 350 (4-34) - 318 (434) 338 (4-35) 





For conditions of measurement see experimental. 
are given in italics. * Indicates shoulder. 

* Taken from Pestemer and Mayer-Pritsch, Monaish., 
be obtained reasonably exclusively. 


The position of the peaks treated in the text 


1937, 70, 104. 
¢ Compound not available. 


> Ionic species could not 


For nitro-substituents, vinteract. Values, given in Table 3, are all positive, showing that 
the nitro- and hetero-groups act in opposition. Values for 3’-nitro- are all considerably 
less than the corresponding values for 4’-nitro-groups, and values for the 3-series are less 
than those for the 2- and 4-series; both these observations underline the importance of 
mesomeric compared with inductive interaction. (The basicity measurements ? show that 
in the ground state the inductive effect is dominant for the nitro-groups.) The cationic 
heterogroups cause somewhat greater values than the others. 

The ammonio-groups show the vinteract. given in Table 4. Again the values are all 
positive, but they are almost identical for 3’- and 4’-groups, as is to be expected for groups 
which interact only by an inductive mechanism. There is no simple dependence of the 
magnitude of the effect on the position or nature of the heterogroup. In contrast, vintersct. 
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TABLE 2. 
Py * PyO PyHt PyOH* 
RRA SCRE REM Sree oeeey emcee nae —14 —63 — 55 —71 
REED icdunasaccenismnnentamniltie’ +5 -—3 —17 —25 
SPUD + cuscusshncespasiamdbesenssacs —43 +12 —65 — 64 


* Here and elsewhere Py indicates pyridine, PyO pyridine l-oxide, and the cationic species are 
designated similarly. Differences are expressed in units of 10-* cm.*}. 








TABLE 3. 
4’-Nitro 3’-Nitro 
c nena A ee Ta ie — 
Py PyO PyH*+ PyOHt Py PyO PyH*+ PyOHt 
WG cccccscccees +43 63 87 91 22 14 28 33 
SSeTIS 0c cccccecee 14 64 * 39 58 — —_— -- -— 
BED Sacrcceseece 56 50 86 90 9 14 21 22 


* This value appears anomalous; the spectrum of p-nitrophenylpyridine l-oxide shows two bands 
(Table 1), the interpretation of which is not clear. 








TABLE 4. 
4’-Ammonio 3’-Ammonio 
‘PyO  PyH* PyOH* ‘PyO  PyH*+ PyOH* 
ID sdceccccchiecstissrets 5 18 24 -= 22 — 
INR) ccicnissonsstereunes aa 12 — _- — _— 
RT icstecninimninatatsunai 9 9 13 10 8 14 
TABLE 5. 
Py PyO PyH* 
CE sccitcccidanussiinsabiipaneeiins —17 —2 —36 
SEED . ccccascsccssensubesoonsiagneetae —16 — — 
PD. adesacasasdieenemaadenenddeinsene +17 +9 —17 


values for 4’-amino-groups (as indicated above, the simple treatment cannot be used 
for 3’-amino-groups) are negative (see Table 5) except in the 2-series where steric hindrance 
may complicate matters, although this should not occur for the neutral species of 4’-amino- 
2-phenylpyridine. The smallness of the effect for 4-4-aminophenylpyridine 1-oxide is also 
surprising. 

These results may be compared with those obtained for the styryl and phenylethynyl 
compounds. For nitro- and ammonio-groups, larger positive values are found for the 
phenyl series; this is reasonable because the nearer the two electron-attracting groups are, 
the more they will compete. Larger negative values are found for dimethylamino-groups 
in the styryl series than for amino-groups in the phenyl series and this is less easily 
explained. 


Experimental.—The preparation of the compounds has been described;* they were 
recrystallised before measurement. The spectra of the pyridines and pyridine l-oxides, and 
4-aminobipheny]l, as free bases, were measured in a phosphate buffer of pH 9-7. Biphenyl and 
3- and 4-nitrobiphenyl were measured in water containing 15% of ethanol (other solutions 
contained up to 1% of ethanol). The spectra of the mono-cations of 2- and 4-p-aminopheny]l- 
pyridine were obtained in an acetate buffer of pH 4-02; the corresponding di-cations, and the 
cations of the other pyridines were measured in n-sulphuric acid. The mono-cations of 2-p- 
4-p-, and 2-m-aminophenylpyridine 1-oxide were measured in phosphate buffers of pH 2-4— 
2-6; the corresponding di-cations, and the cations of the other pyridine 1-oxides were studied in 
20n-sulphuric acid. 


THE Dyson PERRINS LABORATORY, OXFORD. 


THE UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. [Received, May 2nd, 1960.] 
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951. A Comparative Study of Hydrolysis Rates of Some Indole 
Alkaloids. 


By M. J. ALLEN. 


Hydrolysis rates of some indole alkaloids have been correlated with 
structure. The most prominent effect was when the hydroxyl group in 
many of these bases effectively formed hydrogen bonds with the carbonyl 
of the methoxycarbonyl group. 


As the stereochemical structures of many indole alkaloids are known,! it is possible now 
to correlate these with their hydrolysis rates. For this purpose the hydroxy-esters 
corynanthine, methyl deserpidate, methyl isoreserpate, methyl N-methylreserpate, 
a-yohimbine, 3-epi-«-yohimbine, and yohimbine were chosen. 


Experimental.—The alkaloids used were analytically pure. The 1,4-dioxan (spectrophoto- 
metric grade, Matheson Coleman and Bell) did not require further purification before use as 
it was found to be free from peroxide. A 0-02m-sodium hydroxide solution was prepared in 
50% aqueous dioxan. 

Before each experiment the alkaloids were dissolved in the dioxan so as to yield approxim- 
ately a 0-01m-solution except in the case of methyl isoreserpate and methyl N-methylreserpate 
where, owing to limited supply, about half this concentration was used. The experiment was 
performed by pipetting 1 ml. each of the alkaloid and the sodium hydroxide solutions into 
10 ml. glass-stoppered flasks; these were placed in a constant-temperature bath kept at 40° + 5°. 
Results were duplicated at 5 or 6 timed intervals. At each interval two flasks were removed 
and quenched in an ice-bath, and the solutions titrated potentiometrically with 0-01N-hydro- 
chloric acid, a microburette readable to 0-0005 mi. being used. The first flasks removed from 
the bath were used as the zero time in the calculations of this second-order reaction according 
to the equation . 
k = [2-303/t(a — b)] log [b(a — x)/a(b — x)] 


where a and 6 are the concentrations (in moles/l.) of the sodium hydroxide and the alkaloid, 
and ¢ is the time (in minutes). 


Results.— 

Alkaloid k Alkaloid k 
Yohimbine (I) ...... 1-29 + 0-04 3-Epi-a-yohimbime (IV) ...........seseceecereeeecenenees 4-07 + 0-03 
Corynanthine (IT) 0-130 + 0-002 Me reserpate (VI; R = OMe, R’ = H) ............. 1:39 + 0-05 
a-Yohimbine (III) 3-83 + 0-12 Me deserpidate (VI; R = R’ = H) .................- 1-38 + 0-02 
Me isoreserpate (V) 0-0697 + 0-0002 Me N-methylreserpate (VI; R = OMe, R’ = Me) 4-98 + 0-13 


DISCUSSION 

The alkaloids investigated fall essentially into two major stereochemical catagories: 
the tvans-locked D-£ ring system, of which yohimbine and corynanthine are members, 
and the other alkaloids studied which belong to the cis-locked D-E ring system. Any 
attempt to correlate one system with the other based on the data on hand would be 
conjectural. However, some correlation can be made between the hydrolysis rate constant 
and stereochemical structure within each system. 

A comparison of yohimbine (I) (k = 1-29) and corynanthine (II) (k = 0-13) shows one 
significant stereochemical difference. In yohimbine the hydroxyl group is axial while the 
methoxycarbonyl group is equatorial. The close proximity of these two facilitates 
hydrogen bonding which apparently enhances hydrolysis. The hydroxyl and the methoxy- 
carbonyl group in corynanthine are both in axial positions, which diminishes the possibility 
of their forming a hydrogen bond. In addition, in this instance there is also steric com- 
pression on the axial methoxycarbonyl group which may interfere with the hydrolysis. 


1 Woodson, Youngken, Schlittler, and Schneider, “‘ Rauwolfia,’’ Little, Brown and Co., Boston, 
1957. 
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Therefore the slower rate for corynanthine might very well be attributed to the two factors 
in effect simultaneously. 
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3 
; In the cis-locked D-£ ring series the situation is somewhat more complex. Here, there 
3 is the possibility of two conformational isomers’ existing in equilibrium in the original 
solution. In one, all the substituents on ring E are equatorial, and in the other all are 
axial. The rate of hydrolysis would therefore then depend on (a) the concentration of 
S: the two conformational isomers in solution, (b) the speed at which one form will be converted 
Ss, into the other, and (c) the rate of attack by hydroxyl ion on each of the two forms. 
1y In methyl isoreserpate (V) (k = 0-0697) the preferred form is probably, as shown, that 
be in which all substituents on ring E are equatorial. If they were axial, a considerably 
nt faster hydrolysis would be expected as in methyl reserpate (VI; R = OMe, R’ = H) 
(see below) because of the then closer proximity of the hydroxyl to the methoxycarbonyl 
ne group (1,3-interaction). If the substituents in ring E were axial, the indole moiety would 
he also have to be axial with respect to ring C, resulting in a very strained conformation which 
es probably does not exist to any great extent. 
y- The argument used for the suggestion of the all-equatorial configuration for methyl 
ty isoreserpate (V) may also be applied to a-yohimbine (III). Here the predominant 
m- equatorial isomer would be expected to be hydrolysed faster because of the closer proximity 
1S. of the hydroxyl to the methoxycarbony] substituent (1,2-interaction). 
mn, As 3-epi-«-yohimbine (IV) (& = 4-07) has essentially the same reaction rate constant 
as a-yohimbine, one is tempted to suspect that that conformational isomer predominates 
7T 
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in which all substituents on ring E are equatorial. In the particular case of 3-epi-z- 
yohimbine the closer proximity of the indole-nitrogen atom to the ester group in no way 
appears to affect its hydrolysis rate as compared with that of «yohimbine. 

The fact that methyl reserpate (VI; R= OMe, R’=H) (k = 1-39) and methyl 
deserpidate (VI; R = R’ = H) (& = 1-38) undergo hydrolysis so much faster than methy] 
isoreserpate (V) indicates that the preferred conformation (VI) in which the hydroxyl, 
methoxyl, and methoxycarbonyl groups are all equatorial ? is not the predominant form 
undergoing hydrolysis, but it is that conformation (VII) in which these substituents are 
axial that is being hydrolysed preferentially. Here a 1,3-diaxial interaction between 
the 18-hydroxyl and the 16-methoxycarbonyl group assists hydrolysis. 

Although it appeared in the comparison of «-yohimbine and 3-epi-«-yohimbine that 
the closer proximity of the indole-nitrogen atom to the ester group in the latter compound 
exerted no noticeable effect on the hydrolysis rate constant, it did appear to influence 
the rate of hydrolysis of methyl reserpate. Thus, when the hydrogen on the indole- 
nitrogen atom was replaced by a methyl group ® the hydrolysis rate increased to 4-98. 
One possible explanation for this is that in these instances where two conformational 
isomers may exist, that in which there is greatest interaction between the indole NH and 
the methoxycarbonyl group will be the predominant isomer owing possibly to its being 
essentially locked in this position by a hydrogen-bond. When this “ bridge” was 
eliminated, as in methyl N-methylreserpate (VI; R = OMe, R’ = Me), it was possible 
for more of that isomer to be formed in which all substituents of ring E were axial: hence 
the higher hydrolysis rate constant. The reason why an effect was not observed in com- 
paring 3-epi-«-yohimbine with «-yohimbine can be explained on the basis that in the 
former compound the “ bridge ’’ maintained the predominant configuration which was 
ideally suited for an internally assisted hydrolysis. 


The author thanks Mr. J. Forten for his technical assistance. 


ResEARCH Drviston, CIBA PHARMACEUTICAL Propucts INc., 
Summit, New Jersey, U.S.A. 
[Present address: CHEMICAL RESEARCH DEPARTMENT, 
ELEectTRO-OpTICAL SYSTEMS, PASADENA, CAL., U.S.A.] [Received, May 12th, 1960.) 


2 Aldrich et al., J. Amer. Chem. Soc., 1959, 81, 2481. 
* Huebner, J. Amer. Chem. Soc., 1954, 76, 5792. 





952. Viscosity and Molecular Association. Part III.* 
Association of Phenols and Amides. 
By Leo H. Tuomas. 


Following previous papers in the series, the author has calculated the 
degrees of association of a number of phenols and amides. The vapour 
pressures of a number of such compounds have also been determined. 


Ustnc the same nomenclature as in earlier papers, we define three functions, E, a, and @ as 
E = —R d log, p/d(1/T), a = —d log nv/v/d log p, and 6 = d logy, yv/v/d(1/T) 


where » is the viscosity of a liquid, / its vapour pressure, v its specific volume, and T the 
absolute temperature. At temperatures somewhat below the normal b. p., E becomes 
the g.-molar latent heat of vaporisation. 

The three functions are obviously inter-related through the expression 


7s Generar 
* Part II, J., 1948, 1349. 
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For an unassociated substance,? and also for certain associated liquids,? the plot of log 
a/v against log # is linear, and we can write 


logigniu=b—alogyp . - .- ss - 


where } and also @ are constants. Furthermore, it was shown that a has approximately 
the same value (0-220) for all non-associated substances with the exception of a very few 
having highly symmetrical molecules. Associated liquids, however, give a (or a) values 
mostly considerably larger than 0-220, and the plot may no longer be linear. The y-/ 
relationship now agrees with the equation 


ajo = APM De . ...... @ 


where A, D, and d(>0-220) are constants. [At sufficiently high temperatures, the second 
term may become negligible in comparison with the first so that the behaviour would then 
similate that of an unassociated substance. At sufficiently low vapour pressure, on the 
other hand, the second term becomes the more important, and —d log n1/v/d log p becomes 
equal to d, a conclusion implying that degrees of association (y) become constant at lowest 
temperatures. The author ® has previously shown that the lower branched-chain alcohols 
have already attained these “ultimate ’’ degrees of association at temperatures no 
lower than their b. p.s, but that dissociation of the polymers probably occurs at higher 
temperatures. The straight-chain alcohols, however, appear to form association com- 
plexes stable at temperatures approaching even their critical points.] 

By using the methods of evaluation previously outlined (4 in poises x 10%, and # in 
mm. of mercury), the values of the various constants for a number of phenols and amides 
are as given in Table 1. All viscosity and density data are due to Friend,‘ and values of p 
corresponding to the measured viscosities have been graphically interpolated from vapour- 
pressure data (references to which are given in the Table). Col. 5 shows the average 
% deviation between the observed values of 4/v and those calculated from equations 
2) or (3). In no case is there any indication of systematic departure from these equations. 

The molecular weight in the liquid state of an associated substance may be larger than 
that in the vapour state, and E now includes an extra quantity of heat consumed in the 
breaking up of the polymers. Making allowance for the latter fact, and assuming that 
the y4/v- relation is otherwise normal, we can clearly write 2-303R6/yE! = 0-220, E* 
being the value of the differential for the polymer as such fer formula weight. But 
2-303R8/E = a, E being the experimental value, again per formula weight. (The mole- 
cular weight in the vapour is assumed to be that of the monomer.) Hence eliminating 8, 
we have 

y = aE/0-220F1 es Sake Tao ar Cee 


Now E! (in cal.) will be less than E by an amount, x cal., absorbed in the rupture of 
“hydrogen bonds.”’ Writing / for the heat consumed in the breaking of N such bonds, 
we have 

E—Bexz=ly—iby . . 2. 2s ow. & 


It was previously assumed that the value of E1 at the normal b. p. was given by a 
modified Trouton relationship, the value so obtained being of course less than the experi- 
mental value by x cal. Consequently, knowing x, and evaluating a (or a) by differentiation 
of eqn. (3), or from eqn. (2) in the event of the plot of log 4/v against log / being linear, 
y and A values were calculated for a number of alcohols. The numerical values of h were 
sensibly in agreement with estimates made by other methods. 

1 Thomas, J., 1947, 822. 

* Part I, J., 1948, 1345. 


3 Part II, J., 1948, 1349. 
‘ Friend, Phil. Mag., 1945, 36, 73; 1946, 37, 120, 201. 
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A number of refinements are now, however, introduced arising from recent related 
work by the author, viz. : 

(A) The Trouton “ constant ” has been shown to depend in general on structure type,5 
and in particular on the chain length of the molecule. Assumption of a constant value 


TABLE 1. 
Mean 
% Approx. deviation 
deviation temp. (°c) 
D d eqn. 3 range equation 
Substance A (or 10°) ora (or 2) (°c) a B (13) 
Ee 12:00 32-0 0-460 0-9 60—175 — 0-867 — 
GEE Doe sathecicdasontecuedon 12:00 27-4 0-530 0-9 72—185 — 0-885 —_ 
GD dechicectevecdensevs 10:00 285 0-470 0:8 62—192 — 0-870 — 
Paee ohnccsscdécessnnsssis 12:00 30-0 0-510 0-8 60—190 — 0-858 — 
o-Chlorophenol ...........- 10:00 16-7 0-380 0-3 41—163 0-2403 0-9464 0-3 
o-Methoxyphenol ......... 10:00 11:36 0-367 0-3 93—191 0-3694 0-9069 0-4 
m- jg AAT TUN 800 198 0-360 0-2 120—230 0-5726 0-8405 0-2 
- dub til by \iphineeans 8-00 20-9 0-360 0-7 131—234 0-6067 0-8269 0-3 
Methyl p-hydroxybenzoate 6-00 29-1 0-335 0-2 160—241 0-7641 0-7823 0-4 
BE? Gebesahedapausdtes 14:00 21-4 0-460 0-4 112—210 0-6479 0-8023 0-3 
Propionamide ............... 10:00 245 0-400 0-4 92—209 0-6262 0-8112 0-2 
n-Butyramide ............... — 38:19 0-349 0-5 121—205 0-6297 0-8134 0-1 
o-Nitrophenol ............... — 18:15 0-246 0-2 109—200 0-3568 0-9156 0-2 
o-Hydroxyacetophenone... 15-07 0-235 0-7 110—197 0-3712 0-9103 0-3 
Salicylaldehyde ............ -- 17-89 0-246 0-1 96—191 0-2391 0-9550 0-3 
p-Chlorophenol ............ -- 25:89 0-2934 0-2 99—210 0-4564 0-8776 0-4 
Methy] salicylate ............ — 14:01 0-2304 0:5 80—215 0-2407 0-9366 0-4 
References to vapour pressures: First four and last compound, Stull, Ind. Eng. Chem., 1947, 89, 


517; for all others, present work. 


for the Trouton ratio would therefore bias the derived values of y and particularly of h. 
Instead, values of E* (in cal.) at temperatures corresponding to a vapour pressure of 
100 mm. (Tj) have been calculated from the relation 


ee Se 


« 


where Z is the “ molecular number” per formula weight, F is an additive entropy of 
vaporisation function evaluated by summation of the appropriate atomic and structural 
increments, and AF is dependent on the possibility of rotational isomerism in the molecule, 
and increases with the number of bonds () about which there is restricted rotation (ref. 5, 
equation 6; k, being taken as 0-0480, and k, as 0-000622). 

[F and Z should here refer strictly to the polymer per formula weight, and E* should 
be equated to {100yTy99Z monomer}/{F poiymer — (AF) poiymer}- However, it is assumed, at least 
provisionally, that the F increment in respect of a hydrogen bond surviving vaporisation 
is zero, so that Fpoiymer = YF monomer: It is debatable whether (AF)poiymer WOuld be equal to 
y(AF) monomer, but any inequality would in any case be small and practically without effect. 
The remarks below on the choice of values are significant in this connection.] 

(B) From the above definition of E we may write for an associated liquid 


d log,,7/d logy, ? = R(T/E) = RT/(E) + x) = RT/E\(1 + x/E') 
and for benzene (as ‘‘ comparison substance,” ® x now being zero) 


d logs Trenzene/d 10gy9 P = R(T /E) yenzene 


_dbteT _(T\(_! VE 

d login Trenzene \E1/\1 + x/E*/\T /pensene 
5 Thomas, J., 1953, 2132. 
* Thomas, /., 1953, 1233. 
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But it has been shown ® that the ratio of the values of E/T for any two unassociated 
substances at temperatures corresponding to the same vapour pressure is constant 
independently of the value of the vapour pressure chosen. Therefore 


d logio T/d logio T nensene = By (1 + x/E*) = B (say) ° ° . P (7) 


where B! is a constant provided the comparison substance remains unchanged, and equals 
the slope of the plot of log T against log Tyenzene in the hypothetical event of the polymers’ 
surviving vaporisation. 
In other words, 
Bak ie a SO eee ee 


and, since (E/T) eazene at a Vapour pressure of 100 mm. is > 27-2 cal. mole deg.!, equation 
(6) becomes 
B! = 0-272(F — AF)/Z ro ee ea 


(C) Combining equations (4) and (8), we have 
ae Gen 6 8 ew te 


and, from equations (5) and (8), 


b= (—%5)B (3-1) Po nelly ieee 


Thus y and / at a vapour pressure of 100 mm. can be determined from the a value obtained 
by differentiation of equation (3), the B! value derived from equation (9), and the value 
of B derived from vapour-pressure data. Similar calculations can in principle be 
conducted at other temperatures over the entire experimental range, but, in practice, 
accurate and unbiased evaluation of B (or E) at each temperature by numerical differenti- 
ation is impossible unless the measurements are extensive and of great accuracy. An 
alternative method, presented below, has the merit of self-consistency, and should lead to 
more reliable evaluation over the whole range of measurements. 
Eliminating E from equations (4) and (5) we get 


ae h a 
y oom (1+) + oan =° Ce scitalialy) 


But for a substance of constant a value, it is found that the plot of log T against log 
Trenzene at the same vapour pressure is, as for an unassociated liquid, linear within the 
limits of experimental error: i.e., B becomes constant (=B) and equation (7) simplifies 
to 

log T m= a+ Blog Tinwes «ss fw AD 


Therefore, from equation (10), such substances have constant degrees of association, a fact 
requiring that, not only E/E', but [from equation (12)] also A/E*, and hence x/E* be 
constant. 

For a substance whose a value and hence y value is not constant but decreases with rise 
in temperature, it is reasonable to suppose that the value of h is independent of y as such 
but depends only on temperature (decreasing with rise in temperature) and on the nature 
of the (monomer) molecule, i.¢., it can be supposed that im general h/E* is constant for a 
particular substance. Therefore x/E1 [=A(y — 1)/yE*] now decreases with rising tem- 
perature, so that from equation (7), B, whilst <B!', will approach the latter in numerical 
value at higher temperatures. 

Although strictly, then, the plot of log T against log Tyearene is expected to be linear 
only for substances of constant degree of association, the % variation in the values of B 
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over the experimental range is such in fact that equation (13) reproduces the vapour- 
pressure behaviour very well even for those compounds not showing constant degrees of 
association. Table 1 accordingly shows the mean deviation between the experimental 
temperatures and those calculated from equation (13) for all the substances studied, 
whether y is constant or not. It appears likely that the deviations lie within the limits 
of experimental error in all cases. 





TABLE 2. 
Values of y at vapour pressures: Rio 
P “~ — h/ 

Substance n F B’ Bie Seo ©692760 «236250 «2100 «}©«400~=«6100=68—Ss((cal) 

IE a recderecetisupentecessese 1 182-0 0-978 0-867 0-333 1-52 1-62 1-71 1-78 1-89 1-99 32 
SOE schisccicssccoreresesons 2 212-0 0-969 0-885 0-331 1-42 1-53 1-65 1-76 195 — 27 
GRINNED: sacevcsssestccersoseteie me os » 0-870 0-339 1-53 1-63 1-72 1-80 1-92 2-03 32 
SEN aN eebeqesonepsssureee a a » 0-858 0-335 1-48 1-61 1-72 1-83 2-01 2-15 36 
p-Chlorophenol ............... 1 238-5 0-970 0-878 0-293 1-47 constant 39 
o-Chlorophenol ...........+0+ 3 » 0-977 0-943 0-291 1-31 1-34 1-37 1-40 1-44 148 14 
o-Methoxyphenol ............ 1} 239-0 0-969 0-910 0-274 1-27 1-30 1:33 1:36 139 — 31 
m- ler” gdedababace 2} » 0-953 0-840 0-299 1-48 1-51 1-54 1:57 161 — 49 
p- ibe) yendeneotousa % ‘ » 0-821 0-301 1-52 1-56 1-59 1-62 166 — 56 
Methyl p-hydroxybenzoate 3 283-0 0-927 0-795 0-305 — 1-60 1-61 1-63 1-66 1-69 62 
Methyl salicylate ............ 1 283-7 0-952 0-956 0-230 1-04 constant -- 
o-Nitrophenol _............04+ 0 254-2 0-960 0-916 0-246 1-17 constant 39 
o-Hydroxyacetophenone ... 1 257-2 0-959 0-910 0-235 1-13 constant 57 
Salicylaldehyde ............... 0 227-2 0-965 0-955 0-246 1-13 constant 10 
BD v idencecececesedsece 2 114-0 0-944 0-810 0-301 1-42 1-51 1-60 1-68 180 — 55 
Propionamide..............+.+ 24 144-0 0-948 0-815 0-313 1-55 1-61 1-66 1-70 1-77 1-84 51 
n-Butyramide _ ...........+0+ 3 174-0 0-949 0-813 0-349 1-85 constant 46 


The necessary steps in the calculation of the values ‘of y and / in Table 2 are then as 
follows: r 

(a) Calculation of d log T/d log Tyenzene (=B) by numerical differentiation, at some 
point to the middle of the experimental vapour-pressure data—conveniently at 100 mm. 
[In the case of phenol and the cresols, the experimental data are not sufficiently accurate 
to allow of this, and the values of B obtained from equation (13) were assumed to be equal 
to the true values at the mid-points.] 

(b) Evaluation of B! with the help of equation (9). 

(c) Calculation of y99 from equation (10), using values of a derived from equation (3), 
or a from equation (2). 

(d) Calculation of the value (assumed constant) of h/E1 from equation (11) and of hijo 
from this latter ratio and the value of E49, derived from equation (6). 

(e) Evaluation of y over the entire range of the experimental data by solution of the 
quadratic equation (12). 

This treatment leads to a knowledge of / at a vapour pressure of 100 mm. only. Its 
value at any other vapour pressure can be obtained from the circumstance that //E* is 
assumed constant, and that the ratio of E/T at this chosen vapour pressure to its value at 
100 mm. is a constant for all substances (ref. 6, Table 1). The increase in h from the 
normal b. p. to a vapour pressure of, say, 10 mm. is in fact ~10%. 

The “ ultimate” degrees of association follow simply by putting a = d in equation 
(12) [or in equation (10) if B is constant]—a procedure both simpler than, and preferable 
in principle to, that previously adopted. However, it is clear from the nature of equation 
(3) that any such values will be very inaccurate unless the experimental data happen 
to fall in the region where rapid variation in a occurs (see ref. 3, Figs. 1 and 2)—which 
they do not usually (as distinct from the behaviour of alcohols over the same range) for 
the compounds studied in this paper. In fact it is only for phenol (2-5), o-cresol (2-8), 
m-cresol (2-5), and ~-cresol (2-8) that such values are at all reliable. 

o-Nitrophenol, salicylaldehyde, and o-hydroxyacetophenone are seen from the Table 












is 
it 
€ 








[1960] Thomas: Viscosity and Molecular Association. Part III. 4911 


to be associated to the extent of ~10% only, this being due, of course, to suppression of 
intermolecular association by intramolecular engagement of the hydrogen atoms: con- 
cerned—a conclusion supported by a variety of evidence,’ and in particular by the absence 
in the infrared spectra of strong absorption in the 7000 cm.* region. Like the lower 
branched-chain and all n-alcohols previously referred to, the degree of association does not 
depend on temperature to any detectable extent. The values given for the hydrogen-bond 
energies for such compounds are necessarily uncertain owing to the smallness of (B! — B). 

Methyl salicylate within the limits of the method appears to be completely non- 
associated. Phenol and the three cresols, on the other hand, are strongly associated and 
approximately to the same extent, and the derived / values are sensibly constant. In 
common with all the remaining phenolic substances considered, they show strong absorp- 
tion in the 7000 cm.* region, a fact currently accepted as indicative of strong intermolecular 
association. 

Substitution in phenol other than by the methyl group would appear to decrease 
somewhat the extent of association irrespective of the electronic nature of the group 
(p-chlorophenol, m- and #-methoxyphenols, and methyl p-hydroxybenzoate)—a fact 
which may be connected with interference in the flat-on-flat packing normally adopted by 
the benzene ring 5 in the liquid state, or simply with the increase in molecular size. The 
evidence is insufficient to justify further speculation. 

The steric factors for the formation of a strong intermolecular bond in o-chloro- and 
o-methoxy-phenols are unfavourable. Nevertheless, the electrostatic attraction of the 
hydroxyl hydrogen atom for the adjacent chlorine or oxygen atom will stabilise the 
monomer (as cis-conformation) to a certain extent, and result in the formation of a “‘ weak ” 
hydrogen bond. The extent of association is therefore likely to decrease somewhat, but 
not to the same degree as in such strongly chelated structures as those mentioned above. 
That these expectations are fulfilled is apparent from the y values found for o-chloro- and 
o-methoxy-phenols which are significantly lower than the figures for the isomeric com- 
pounds. The energy of the intermolecular hydrogen bond for o-chlorophenol (1-4 kcal.) 
appears to be lower than could be caused by uncertainties in the method, but no explanation 
is possible at present. 

The three amides studied are strongly associated, the energies of the N-H «++ O bonds 
being at least as large as, if not larger than, those for the O-H + ++ O bonds in the phenols. 
This is in contrast with the relatively weak association in amines,” and is due presumably 
to resonance with the structure (A) which gives a positive charge to the 
nitrogen atom which donates the proton involved in hydrogen bonding, 
and simultaneously a negative charge to the oxygen which accepts that proton. The 
position is therefore analogous to the strengthening of the unsymmetrical O-H «++ O bond 
in fatty acids.® 

The values assigned to the non-chelate compounds are in agreement with the 
principles previously outlined,’ rotation of the OH or NH, bonds as such being assumed 
(as for methyl and ethyl groups) to be restricted in the liquid state if attached either to a 
benzene ring or to an atom carrying a double bond. 

The values assigned to the four strongly chelate phenols are likewise unambiguous, 
and for these compounds the increment in the F function in respect of the chelate ring is 
put as 0-7—the usual value for a six-membered ring. The increment in respect of the 
formation of a hydrogen bond as such is assumed to be zero, this being justified at the 
moment solely from the observation that the experimental value of F (based on the 
measurements of Ramsay and Young °) for the completely non-associated methyl salicylate 
(281-2) agrees well with the value (279-9) calculated on this basis. 


O-CRNH,* (A) 


7 Klyne, “‘ Progress in Stereochemistry,” Butterworths Scientific Publications, 1954, Vol. I, 223. 
i Pauling, ‘‘ The Nature of the Chemical Bond,” Oxford Univ. Press, London, 2nd edn., 1940, 
p. 9. 
* Ramsay and Young, Z. physik. Chem., 1887, 1, 237. 



































4912 Thomas: Viscosity and Molecular Association. Part III. 


The only uncertainty in assignment of » values is for o-chloro- and o-methoxy-phenols, 
both compounds containing intermediate concentrations of (weakly) chelate molecules, 
The values actually chosen are the arithmetic means of the two extreme values, ¢.g., 1} 
for o-methoxyphenol being the mean of zero (100% chelate structure) and 2} (no chelation), 
In any event, the values of y are little affected by changing » by one or two units. The 
small F increment for ring formation was not applied for these two compounds. 


EXPERIMENTAL 


Vapour pressures were measured by the “ dynamical ”’ method, using the apparatus shown 
in the diagram, the upper part (A) of the boiling-tube being connected to the lower part (B) by 
means of a flanged ground-glass joint. The liquid was heated internally by means of a coil 
of platinum wire connected to a 6 v source and consuming ~60 w; and to minimise heat losses, 
the lower part of the boiling-tube was fitted into a Dewar flask, 
and the upper part lagged. In order to eliminate ‘‘ bumping” at 
the lower pressures it was necessary to use a fine air-leak drawn from 
0-5 mm. internal-diameter capillary tube. 

Temperature was measured by insertion of a series of short-stem 
N.P.L calibrated thermometers through the rubber bung in 4, and 
extending to ~1” above the surface of the liquid. The thermometers 
were periodically recalibrated in position in the apparatus and 
under atmospheric pressure against the b. p.s™ of water and 
carefully purified samples, mostly of ‘“‘ AnalaR” quality, of ether, 
acetone, benzene, toluene, chlorobenzene, bromobenzene, aniline, 
nitrobenzene, and synthetic quinoline. 

The side arm of B was connected via a ground-glass joint to a 
reflux condenser in turn connected in the usual way to a U tube open 
mercury manometer and hence to a vacuum pump. Variation and 
control of the pressure were accomplished by means of an Edwards 
and Co, Ltd. monostatic valve (Model VPC1) fitted into the vacuum 

line between the manometer and pump. Connection of the manometer 
WS to the vacuum line was made by a flush }” internal diameter T piece 

constructed such that the tube to the manometer did not protrude 
internally into the straight vacuum tube. All the usual manometer and barometer corrections 
were applied and the estimated uncertainty in pressure readings as such was ~+0-3 mm. 

Although these are admittedly of no great absolute accuracy, the author’s aim has been to 
produce reliable measurements free as far as possible from systematic error, and to this end, 
the following sources of error were taken into consideration: (a) All thermometer readings 
were taken with a rising meniscus; the ‘“ emergent column ”’ correction never amounted to 
>0-1°, and the “ external pressure ”’ correction, which was measured experimentally, amounted 
to 0-2° at the lowest pressure. (b) The usual precautions against leakage of air into the 
apparatus other than through leak and valve, and “‘ fouling ”’ of the oil in the pump, were also 
observed. (c) Correction due to the head of vapour above the liquid is of increasing significance 
as the vapour pressure decreases, but is negligible at vapour pressures above, say, 10 mm. 
(d) It is also possible that the measured pressure is greater than the true vapour pressure of 
the liquid by an amount equal to the partial pressure of the admitted air, but the experimentally 
determined rate of leakage in of air was ~0-003 g. per min. compared with the rate of formation 
of vapour from the boiling liquid of at least 3 g. per min. The g.-molar fraction of air in the 
vapour space is therefore very small, and its pressure may be neglected. (e) A possible error 
on the premise that air is continuously flowing through the apparatus from the valve to the 
pump (the flow past the manometer connection is however very small, and arises only from the 
leak) was experimentally shown to be absent by immediate redetermination of the vapuro 
pressure of a given substance as outlined, but with the one difference that the pump and valve 
connections were closed before each measurement. Within the limits of accuracy specified 
above, however, no difference could be detected. 





Scale: 1/5 











10 Timmermans, “ Physico-chemical Constants of Pure Organic Compounds,” Elsevier, Amsterdam, 
1950. 
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The method was checked by measurement of the vapour pressure of water (25—100°), 
chlorobenzene (40—132°), and bromobenzene (120—156°), and comparison between the tem- 
peratures (smoothed as below) at a series of set vapour pressures (at logy, p = 0-1 intervals) and 
the literature values.141 The average difference for water and bromobenzene was 0-1°, with 
maximum deviation of 0-2° and 0-1° respectively. The author’s values for chlorobenzene from 
40° to the b. p. are consistently lower by ~0-3° than those of Young, but consistently higher 
from 60° to the b. p. by ~0-2° than the measurements of Dreisbach and Shrader (the latter 
being in perfect agreement with Zmaczynski’s measurements carried out only >100°). 
Between 60° and the b. p. therefore the author’s results are virtually identical with the mean 
literature values. The uncertainty in temperature measurement is therefore considered to be 
~-2°. 

Readings at ~3° intervals were taken for all substances, covering a vapour-pressure range 
of ~5—760 mm., and smoothed figures read off from a large-scale plot of log p vs. #°. The latter 
are recorded in Table 3. 


TABLE 3. 
Temperature (°c) 
logi9 P (mm.) I II Ill IV Vv VI 
1-0 76-4 60-3 100-8 93-6 88-4 126-4 
1-2 85-0 68-5 109-4 102-4 96-4 134-6 
1-4 94-2 77-5 118-8 112-3 105-3 143-9 
1-6 104-3 87-4 129-0 123-1 115-2 154-2 
1-8 115-6 98-2 140-0 134-8 126-5 165-4 
2-0 128-3 109-9 152-1 147-2 138-7 177-4 ° 
2-2 142-1 122-7 165-4 160-6 152-0 190-5 
2-4 156-7 136-6 179-9 175-4 166-4 204-8 
2-6 172-4 151-7 195-6 191-7 181-7 220-4 
2-8 189-4 168-3 212-3 209-1 198-3 237-4 
2-8808 196-7 175-4 219-4 216-5 205-6 244-7 
- 196-5 1 174-5? 220-0 1 217-22 205-01 244-3 % 
(lit. values) 
Temperature (°c) 
log,,5  (mm.) VII VIII IX x XI XII 
1-0 124-2 108-1 173-7 108-6 96-1 
1-2 133-3 116-8 182-9 116-8 104-9 124-9 
1-4 143-1 126-1 192-9 125-8 114-5 134-3 
1-6 153-5 136-1 203-8 135-7 124-9 144-5 
1-8 164-8 146-7 215-8 146-5 136-1 155-4 
2-0 177-1 158-1 228-9 158-0 148-4 167-1 
2-2 190-6 170-6 243-2 170-4 161-7 179-7 
2-4 205-1 184-0 a 183-5 176-3 193-2 
2-6 220-7 198-2 -- 197-3 192-5 207-9 
2-8 237-4 212:3 — 212-1 209-9 223-8 
2-8808 244-5 219-8 -- 218-4 217-3 230-6 
a 245-6 3 222-22 -— 221-1? 213-43 216-0 * 
(lit. values) 213-13 2154 


References to b. p.: 4 Stull, Joc. cit.; * Timmermans, ref. 10; * Friend, ref. 4; * Vogel, ref. 13. 


Materials.—Salicylaldehyde (I), o- (II) and p- (III) chlorophenol, o-nitrophenol (IV), and 
o-methoxyphenol (V) (~250 g.; B.D.H.) were purified by repeated fractionation at atmospheric 
pressure (the first in an atmosphere of carbon dioxide) through a heated 12” Dufton column 
into samples boiling over a range of <0-1°. m- and p-Methoxyphenol (VI), and propionamide 
(VIII) (~50 g.; B.D.H.) were distilled in the small-scale fractionation apparatus described by 
the author !2 to give reasonably sharp fractions boiling over +1/3°, and comprising generally 
the middle third of the distillates. 

Methyl p-hydroxybenzoate (IX). A sample (B.D.H) was recrystallised first from ‘‘ AnalaR ” 
benzene and then from benzene—methy] alcohol, and dried in a desiccator over calcium chloride. 
It melted sharply at 127-5° (corr.) (lit.,4 131°). 


11 Water: Partington, ‘“‘ An Advahced Treatise on Physical Chemistry,’’ Longmans, Green and Co., 
1950, 248. Bromobenzene: ref. 9, Chlorobenzene: Young, Sct. Proc. Royal Dublin Soc., 1910, 12, 374; 
Zmaczynski, J. Chim. phys., 1930, 27, 503; Dreisbach and Schrader, Ind. Eng. Chem., 1949, 41, 2879. 
12 Thomas, J., 1946, 820. 

13 Vogel, ‘‘ Practical Organic Chemistry,’’ Longmans, Green and Co., 1956, 676. 
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Acetamide (X). A sample of b. p. 217—218° (uncorr.) was obtained by fractionation and 
used without further purification. It was probably somewhat impure. 

o-Hydroxyacetophenone. This was prepared by the Fries reaction as described by Vogel," 
and finally purified by fractionation at atmospheric pressure, a middle constant-boiling fraction 
being collected. 

n-Butyramide (XII). Fractionation of 50 g. of material (B.D.H) failed to give a sharp 
fraction, the greater portion distilling between 214° and 220°. It was therefore recrystallised 
from ~400 c.c. of ‘‘ AnalaR ’”’ benzene, and dried in a vacuum desiccator over calcium chloride 
to give a material of sharp m. p. On subsequent fractionation, virtually the whole of the 
recrystallised sample distilled constantly at 230° (corr.). (Literature values are ca. 216°.) 
Its m. p., however, viz., 115-8° (corr.), agreed well with the value 116-0° given by Timmermans.” 


DEPARTMENT OF CHEMISTRY AND CHEMICAL ENGINEERING, 
GLAMORGAN COLLEGE OF TECHNOLOGY, TREFOREST. (Received, November 17th, 1959.] 





953. Some Physical Properties of Aqueous Solutions of Choline 
Chloride at 25°. 


By R. FLEMING. 


The equivalent conductance of choline chloride at infinite dilution was 
found to be 118-4 ohm™cm.*. The plot of A against 4/c was linear in the 
most dilute region, but the slope was greater than that required by Onsager’s 
limiting law. The fluidity elevation of the choline ion is —18-9 rhes, which 
is close to that of the tetramethylammonium ion. The apparent molal 
volume at infinite dilution, ¢°,, was found to be 124-9 cm.* mole. 


IN a general study of the conductance of quaternary.ammonium compounds in nitro- 
benzene Taylor and Kraus! showed that the dissociation constants of the salts in this 
solvent decrease with increasing dimensions. Introducing a polar group also leads to 
lower dissociation constants, and for choline picrate they suggested that this was due to 
interaction of the hydroxyl group with the picrate ion. The conductance of choline 
chloride in aqueous solution has not previously been reported. Daggett, Bair, and Kraus? 
studied the conductance of symmetrical quaternary ammonium compounds in aqueous 
solutions at 25° and found that this type of salt obeys Onsager’s limiting law. 


EXPERIMENTAL 


A Cambridge Instrument Company’s conductivity bridge was used to measure the conduc- 
tance of choline chloride solutions. The solutions were contained in a dipping-type conductivity 
cell which was supplied with the apparatus, and the cell was immersed in a thermostat kept 
at 25° + 0-01°. The cell constant was determined by calibration with 0-1N- and 0-01N- 
potassium chloride which were made up by weight, and the specific conductivities of these 
solutions were taken to be 0-01288 and 0-001413 ohm™ cm.-, respectively.* The cell constant 
varied slightly with concentration,‘ the value at 0-1N being 0-3682, and at 0-01Nn 0-3665. 

The choline chloride (B.D.H.) was purified by two recrystallisations from absolute ethanol 
and then vacuum-dried. It was stored in a vacuum-desiccator over magnesium perchlorate. 
It is extremely deliquescent and its purity was frequently checked by potentiometric titration 
with silver nitrate solution. Its purity was also determined by passing a known volume of 
0-1N-choline chloride through an anion-exchange resin (Amberlite IRA-400), and the resultant 
base was potentiometrically titrated with 0-ln-hydrochloric acid. This method of assay is 


1 Taylor and Kraus, J. Amer. Chem. Soc., 1947, 69, 1731. 

2 Daggett, Bair, and Kraus, J. Amer. Chem. Soc., 1951, 78, 799. 

* Harned and Owen, “ The Physical Chemistry of Electrolyte Solutions,’’ Reinhold Publ. Corp., 
New York, 3rd edn., p. 195. 

* Ref. 3, p. 195. 
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similar to that described ® for ephedrine chloride. Results by the two methods agreed closely. 
The ‘‘ AnalaR ’’ potassium chloride used for the determination of the cell constant was: dried 
at 110° for 2 hr. before use. The results of the conductance measurements are shown in Table 1. 


TABLE 1. 

c / c A c Ve A c / c A c a/ c A 
0-5819 0-7628 72-7 0:1360 03687 89-6 0-01714 0-1309 105-8  0-00343 0-0586 112-5 
04150 0-6442 77-5 008514 0-2917 943 0-01662 0-1289 106-3 0-00171 0-0414 114-2 
0:2358 0-4856 84-6 0-06874 0-2622 96-0 0:00686 0-0828 110-1 0-00166 0-0408 114-6 
0:1662 0-4077 88-0 0-04150 0-2037 100-5 0-00415 0-0644 111-8 0-00136 0-0368 114-8 


The equivalent conductance of choline chloride at infinite dilution, 118-4 ohm™ cm.*, was 
found by the extrapolation of the plot of A against +/c. Although this plot was linear in the 
most dilute region, the slope (101-0) was steeper than that required by the Onsager law (87-4). 
It being assumed that the conductance of the Cl” ion is 76-4 ohm™ cm.? equiv. at infinite 
dilution,® the value for the choline ion is 42-0 ohm."! cm.?, which is close to that found for the 
tetramethylammonium ion (44-92) by Daggett et al.? 


RESULTS 





Viscosity.—An Ostwald viscometer was used and was immersed in a thermostat kept 

5° + 0-01°. The results are shown in Table 2. Cols. 1 and 2 show the concentration 
expressed in terms of molality and molarity respectively, and col. 3 gives the relative 
viscosity 4/%. 


TABLE 2. 

m c n/N m c ”/No m c n/N m c nl no 
6185 3-504 3-071 1-730 1-422 1-352 0-4369 0-4133 1-083 0-0428 0-0424 1-010 
3937 2-643 2-043 0-9869 0-8760 1-195 0-2426 0-2328 1-050 0-0417 0-0413 1-009 
2-243 «41-752 =1-518 0-6263 0-5795 1-124 0-0866 0-0848 1-015 0-0098 0-0098 1-000 


The relative viscosity of a N-solution was read off from the graph of 4/n plotted against 
/c and found to be 1:20. From this value and that used by Bingham ? for the viscosity 
of water (0-008947 poise), the fluidity of a N-solution of choline chloride is 93-4 rhes. 
Bingham assumed that the fluidity elevations of K* and Cl~ ions were both equal to 
+0-28 rhe and used these as a standard for calculating the fluidity elevations of a large 
number of electrolytes. He found that the stronger the base, the larger the fluidity 
elevation, and that with large elevations there was less likelihood of hydration. The 
fluidity elevation of the choline ion is —18-9 rhes and it lies in between the elevation of the 
tetramethylammonium ion (—14-0) and the tetraethylammonium ion (—34-3 rhes). 
Since the choline ion does not show a large negative elevation this seems to suggest that 
the ion is not hydrated. 

Apparent Molal Volume.—The densities were determined with a Perkin-type pycno- 
meter. The derived apparent molal volumes § are recorded in Table 3. The plot of ¢, 


TABLE 3. 
I ee ee 3-504 2-643 1-752 1-422 0-8760 0-5795 0-2348 
TSS err 10557 * 1-0404 1-0256 1-0202 1-0109 1-0062 1-0006 
i iddvcbidimisencdishen 123-3 123-6 123-7 123-7 124-2 124-2 124-9 


against c was linear in the most dilute region but it had a negative slope which is unusual. 
Extrapolation to zero concentration gave the value of ¢°, as 124-9 cm.? mole, and ¢®, for 


5 Saunders, Elworthy, and Fleming, J. Pharm. Pharmacol., 1954, 6, 32. 
® Owen and Zeldes, J. Chem. Phys., 1950, 18, 1083. 
? Bingham, J. Phys. Chem., 1941, 45, 885. 
8 Root, J. Amer. Chem. Soc., 1933, 55, 850. 
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the Cl ion ® being assumed to be 18-0 cm.* mole™, the value for the choline is 106-9 cm3 
mole?. The apparent molal volumes of ammonium, tetramethylammonium, and tetra- 
ethylammonium chloride were calculated from density data given in the Internationa] 
Critical Tables.%° In the first two cases ¢, increases with increasing concentration, but 
the last salt behaves like choline chloride and ¢, decreases with increasing concentration, 


The author thanks Dr. L. Saunders for his interest and advice. 


ScHOOL OF PHARMACY, BRUNSWICK SQuARE, Lonpon, W.C.1. [Received, February 10th, 1960.] 


* Ref. 3, p. 397. 
1@ International Critical Tables, McGraw-Hill Book Company Inc., New York, 1928, Vol. III, p. 114, 





954. Preparation of Phenylboron Dichloride. 
By J. E. Burcu, W. GERRARD, M. Howartu, and E. F. Mooney. 


The low yields obtained by the reaction (PhBO), + 2BCl, —» 
3PhBCl, + B,O, are due to reversibility of the reaction. Phenylboron 
dichloride is most conveniently prepared from tetraphenyltin and difficulties 
associated with the dephenylation of the easily formed intermediate, 
PhSnCl,, are explained in terms of the strong p,-d, bonding associated 
with aryl—metal bonds. 


PHENYLBORON DICHLORIDE is a useful reagent for the, preparation of a variety of organic 
compounds of boron. It was first prepared ! from diphenylmercury and boron trichloride. 
The vapour-phase interaction of benzene and boron trichloride in the presence of palladium- 
black catalyst ? has since been found to be unreliable,’ and although its production from 
the same reagents and a Friedel-Crafts catalyst has been mentioned, no details were given.‘ 

The reactions of boron trichloride with phenylboronic anhydride,® or dialkyl phenyl- 
boronate,® and reaction of phosphorus pentachloride with the dialkyl phenylboronate,’* 
are not simple. The second requires the addition of ferric chloride to decompose the 
alkyl dichloroborinate formed, and the decomposition products hinder the separation. 
In the last reaction there is a tendency for phosphorus oxychloride produced to form a 1:1 
addition complex with phenylboron dichloride, similar to that formed between phosphorus 
oxychloride and boron trichloride.!® 

Reaction of boron trichloride with phenylboronic anhydride has been frequently used, 
but the yields are low (30—40%), even when boron trichloride is used in excess. In 
boiling methylene dichloride the yield is not increased. Even in the absence of solvent, 
with complete consumption of boron trichloride (3-0 mol.), the yield was only 38%. 
These facts suggest that an equilibrium exists. The immediate product, other than 
phenylboron dichloride, has been postulated to be boron oxychloride which is known to 
decompose readily into boron trichloride and boric oxide.™12 Reaction between boric 


1 Michaelis and Becker, Ber., 1880, 18, 58. 

Pace, Atti Accad. Lincei, 1929, 10, 193. 

Ruigh ef al., W.A.D.C. Technical Report, 55—26, Part III. 

Muetterties, J. Amer. Chem. Soc., 1959, 81, 2597. 

Abel, Dandegaonker, Gerrard, and Lappert, /., 1956, 4697. 

Brindley, Gerrard, and Lappert, J., 1956, 824. 

Nielson and McEwen, J. Amer. Chem. Soc., 1957, 79, 3081. 

Mikhailov and Shchegoleva, Bull. Acad. Sci. U.S.S.R., Div. of Chem. Sci., 1957, 1107. 
Mikhailov and Kostroma, Jzvest. Akad. Nauk S.S.S.R., Otdel. Khim. Nauk, 1956, 1144. 
Frazer, Gerrard, and Patel, /., 1960, 725. 

Ramser and Wiberg, Ber., 1930, 63, 1136. 

Gerrard and Lappert, J., 1955, 3084. 
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oxide and phenylboron dichloride (eqn. 1) is now shown to occur. The residue with 
n-butanol gave di-n-butyl phenylboronate (0-4 mol.) and tri-n-butyl borate (0-9 mol). 


B,O, + 3PhBCl, ——t> (PhBO), + 2BClh . . . . . - - WD 


Vinylboron dichloride can be obtained }* from tetravinyltin. We now give details of 
the best available preparation of phenylboron dichloride, namely, by the interaction of 
poron trichloride and tetraphenyltin; it can be operated on a kilogram scale by ordinary 
techniques. 

In methylene dichloride only three of the phenyl groups could be replaced (eqn. 2), 
but in boiling carbon tetrachloride, 35° replacement of the fourth occurs in the stated 
time, whereas in the absence of solvent at reflux temperature there is nearly quantitative 
dephenylation of the tin (eqn. 3). 


Ph,Sn + 3BCl, ——t> 3PHBCI,+ PhSnClh . . . . . .- . . @ 
Ph,Sn + 4BCly ——B 4PhBCI,+SnCl, . . . ‘ . 2 


The difficulty of replacing the fourth phenyl group is probably due to the increased 
double-bond character (f,-d, bonding) of the Ph-Sn bond in the phenyltin trichloride. 
a Evidence for this double-bond character in tin aryls has been 

\ — presented, based on calculation of the overlap integrals, comparison 

<)> of bond lengths,” and the thermodynamic dissociation constants of 

p-carboxyphenyltin compounds.’ The ultraviolet spectrum of 

phenyltin trichloride has been interpreted '” in terms of a further 

resonance participation by the chlorine atoms (I), and this conclusion is further supported 
by data on oscillator strengths.!” 


EXPERIMENTAL 

Interaction of Phenylboronic Anhydride with Boron Trichloride.—(i) In methylene dichloride. 
Boron trichloride (15-08 g., 3-0 mol.) at —80° was added to a suspension of phenylboronic 
anhydride (13-41 g.) in the solvent (100 ml.). The mixture was heated under reflux (6 hr.) 
(acetone—Drikold condenser). Phenylboron dichloride (6-96 g., 34%), b. p. 55—56°/7 mm. 
(Found: easily hydrolysed Cl, 44-6; B, 6-8. Calc. for C,H,Cl,B: Cl, 44-6; B, 68%), was 
isolated. 

(ii) In absence of solvent. Boron trichloride (29-17 g., 3-5 mol.) at —80° was added to 
phenylboronic anhydride (22-03 g.) cooled to —80°. The solid mixture slowly liquefied when 
warmed to room temperature, and the excess of boron trichloride refluxed. The liquid was 
kept at 0-1 mm. for 8 hr. to remove excess of boron trichloride (4-70 g., 0-56 mol.) which was 
trapped at ca. —180°, and then distilled into sodium hydroxide for analysis. The residue 
afforded phenylboron dichloride (12-85 g., 38-2%), b. p. 47°/5 mm. (Found: Cl, 44-6; B, 6-8%), 
and boron trichloride (8-10 g., 0-97 mol.). The distillation residue (10-91 g.) was recrystallised 
from benzene and water and dried (100°) to afford phenylboronic anhydride (3-72 g., 0-5 mol.) 
(Found: B, 10-6. Calc. for C,,H,,0,B,: B, 10-4%), which with butanol gave dibutyl phenyl- 
boronate (6-15 g.), b. p. 93—95°/0-4 mm., m,* 1-4743 (Found: B, 45. Calc. for C,,H,,0,B: 
B, 46%). 

Interaction of Phenylboron Dichloride and Boric Oxide.—Boric oxide (3-97 g.) (freshly prepared 
by controlled dehydration of boric acid) and phenylboron dichloride (26-74 g., 2-95 mol.) were 
heated (9 hr.) at 73°/10 mm. Boron trichloride was trapped at —80°, and converted into 
pyridine—boron trichloride (4-08 g., 0-37 mol.). Phenylboron dichloride (13-01 g., 1-42 mol.) 
was recovered and redistilled (12-28 g.), b. p. 67—-70°/7 mm. (Found: Cl, 44-5; B, 6-9%). 
The residue (8-29 g.) was recrystallised from benzene to afford a mixture of boric oxide and 
phenylboronic anhydride (5-19 g.) (Found: B, 21-5%), which with butanol afforded tributyl 
borate [12-43 g., equiv. to B,O, (1-88 g., 0-47 mol.)}, b. p. 119—124°/4 mm., ,* 1-4154, and 

8 Brinckman and Stone, Chem. and Ind., 1959, 254. 

“4 Craig, Maccoll, Nyholm, Orgel, and Sutton, J., 1954, 332. 

18 Giacomello, Gazzetta, 1938, 68, 422. 

16 Chatt and Williams, J., 1954, 4403. 

" Griffiths and Derwish, J. Mol. Spec., 1959, 3, 165. 
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dibutyl phenylboronate (5-83 g., 0-45 mol.), b. p. 88—90°/0-35 mm., ,%° 1-4722 (Found: 
B, 46%). 

Interaction of Tetraphenyltin with Boron Trichloride.—(i) In methylene dichloride. Boron 
trichloride (52-14 g., 4-53 mol.) was added to a suspension of tetraphenyltin (42-05 g.) in the 
solvent (50 ml.) at —80°. The mixture was allowed to warm, and between 0° and 5° a violent 
reaction occurred. Matter volatile at 15 mm. was removed and trapped at —80°. The 
residue afforded phenylboron dichloride [42-21 g.; 90% based on eqn. (2)], b. p. 65—70°/12 mm. 
(Found: Cl, 44:7%), and phenyltin trichloride (10-80 g., 36-4%), b. p. 129—130°/12 mm. 
(Found: Cl, 35-0. Calc. for C,H,;Cl,Sn: Cl, 35-2%). The phenyltin trichloride was: also 
identified by infrared and ultraviolet spectra. The volatile material was shown by vapour- 
phase chromatography to be methylene dichloride containing some boron trichloride, but free 
from stannic chloride. 

(ii) In carbon tetrachloride. Boron trichloride (30-13 g.), was added to a suspension of 
tetraphenyltin (21-23 g.), in the solvent (50 ml.). An exothermic reaction resulted, and the 
mixture was then heated at 77° for 6 hr. There was a small black insoluble residue. Matter 
volatile at 20°/21 mm. (64-14 g.) was removed, and trapped at —80°. It afforded a series of 
fractions containing solvent and boron trichloride (2-32 g., 0-4 mol.) or solvent and stannic 
chloride (4:44 g., 0-34 mol.). The composition of the fractions was determined by chemical 
analysis and vapour-phase chromatography (squalane column, 80°, relative retention time of 
stannic chloride, 1-97 + 0-03, of carbon tetrachloride, 1-00). The original residue (39-31 g.) 
afforded phenylboron dichloride [23-95 g.; 75-8% based on eqn. (3)], b. p. 70—73°/15 mm. 
(Found: Cl, 44-6; B, 6-8%). 

(iii) Im absence of solvent. Boron trichloride (30-57 g.) was added to tetraphenyltin (25-52 g.) 
at —80°. The boron trichloride, initially absorbed by the solid tetraphenyltin, began to reflux 
when warmed (acetone—Drikold condenser). The rate of reflux gradually increased until at 
approximately 5° a vigorous reaction occurred and was controlled. The product was heated 
at 170° under reflux for 4 hr. Distillation gave a condensate (— 80°) (6-86 g.), a distillate (a) 
(15-43 g.), b. p. up to 82°/30 mm., and phenylboron dichloride (30-09 g., 79-5%), b. p. 82— 
86°/30 mm. (Found: Cl, 44-6; B, 68%). The condensate and fraction (a) were combined 
(21-14 g.) to afford a forerun (1-74 g.), b. p. up to 113°, stannic chloride (11-34 g.), b. p. 113— 
115° (Found: Cl, 54-4. Calc. for Cl,Sn: Cl, 54.4%), and phenylboron dichloride (4-54 g., total 
yield 91-7%), b. p. 57—58°/10 mm. (Found: Cl, 44-6%). 


NORTHERN POLYTECHNIC, HoL_Ltoway Roap, Lonpon, N.7. [Received, March 31st, 1960.] 





955. Plant Gums of the Genus Khaya. Part II... The Major 
Component of Khaya senegalensis Gum. 


By G. O. AsPINALL, (Miss) MARGARET J. JOHNSTON, and A. M. STEPHEN. 


Fractionation of deacetylated Khaya senegalensis gum affords two poly- 
saccharide components, and structural studies on the major component are 
described. Partial acid-hydrolysis of this polysaccharide gives a mixture of 
aldobiouronic acids, (2-1-rhamnose p-galactopyranosid)uronic acid, and 
(4-p-galactose 4-O-methyl-p-glucopyranosid)uronic acid. Hydrolysis of 
the methylated polysaccharide indicates the presence therein of residues of 
2,3,4,6-tetra- and 2,3,6-tri-O-methyl-p-galactose, 3-O-methyl-L-rhamnose, 
2,3,4-tri-O-methyl-p-glucuronic acid, and 2,3-di-O-methyl-p-galacturonic 
acid, and, in smaller amount, residues of 2,3,5-tri-O-methyl-L-arabinose, 
2,3,4-tri- and 2,4-di-O-methyl-p-galactose, 2,3,4-tri-O-methyl-L-rhamnose, 
and 3,4-di-O-methyl-p-glucuronic acid. The structural significance of these 
results is discussed. 


In Part I ! it was shown that the gum exudate of the West African tree, Khaya grandifolia, 
was a highly branched polysaccharide containing residues of D-galactose, L-rhamnose, 


1 The paper by Aspinall, Hirst, and Matheson, J., 1956, 989, is regarded as Part I. 
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p-galacturonic acid, and 4-O-methyl-p-glucuronic acid, and the main features of its 
molecular structure were established. A preliminary examination of the gum exudate 
from the related species, Khaya senegalensis, showed this gum to be composed of the same 
sugar residues, but in different proportions. Further investigations have now shown 
that K. senegalensis gum contains two polysaccharide components, and structural studies 
on the major component are described in this paper. 

Khaya senegalensis gum, which is partially acetylated in the natural state, was dissolved 
in N-sodium hydroxide with concomitant deacetylation, and addition of ethanol to the 
acidified solution then readily precipitated the less soluble major component. After 
several reprecipitations the isolated polysaccharide had [oj,, +140° (in H,O), equivalent 
weight 317 (corresponding to a uronic anhydride content of 55%), and a low, but significant, 
methoxyl content of 1-8. Structural investigations reported in this paper were carried 
out on this major polysaccharide component of the gum. A second polysaccharide was 
isolated from the supernatant liquors from the above precipitations. Somewhat variable 
values for optical rotations and equivalent weights were found for the material thus 
isolated, and it cannot be certain that only one polysaccharide is present. It is clear, 
however, that there is present in the gum a second polysaccharide with [a], ca. 5° (in H,O) 
markedly different from that of the major component and with a much lower uronic 
anhydride content (<20%). Structural studies on this second polysaccharide will be 
reported later. 

The two polysaccharide fractions were examined by ultracentrifugation.2 The 
fractions sedimented at slightly different rates, but under the same conditions a mixture 
of the two fractions gave a single broad peak in the ultracentrifuge. Similarly, examin- 
ation of the gum fractions in borate buffer in an Antweiler micro-electrophoresis apparatus 
indicated different mobilities, but it was not possible to resolve unambiguously a mixture 
of the two components.? Later, when the present structural investigation had been 
almost completed, it was possible to examine the gum and its fractions by glass-fibre 
paper ionophoresis * in 2N-sodium hydroxide.* By this criterion, the unfractionated gum 
contained two components; the minor fraction with a higher mobility was homogeneous, 
and the major fraction still contained a small proportion (ca. 5%) of the minor poly- 
saccharide component. 

Partial acid-hydrolysis of the polysaccharide gave a mixture of neutral and acidic 
sugars. The acids, after separation from neutral sugars by absorption on an anion- 
exchange resin, were fractionated on cellulose, and an O-methylhexuronic acid and a 
mixture of aldobiouronic acids were obtained in sufficient quantity for further investigation. 
The O-methylhexuronic acid was identified as 4-O-methylglucuronic acid since reduction 
of the derived methyl ester methyl glycosides with potassium borohydride followed by 
hydrolysis gave 4-O-methylglucose, characterised by paper chromatography of the sugar 
and of its periodate oxidation products. Similar reduction and hydrolysis of the mixture 
of aldobiouronic acids gave galactose, rhamnose, and 4-O-methylglucose. The aldo- 
biouronic acids were converted into a mixture of methylated neutral disaccharides by 
reduction of the acidic residues in the methylated aldobiouronic acids with lithium 
aluminium hydride followed by further methylation of the reduction products. Hydrolysis 
of the methylated disaccharides gave 2,3,4,6-tetra-O-methyl-D-glucose, 2,3,4,6-tetra- and 
2,3,6-tri-O-methyl-p-galactose, and 3,4-di-O-methyl-1-rhamnose, identified by the form- 
ation of crystalline derivatives. A small amount of 2,3,4-tri-O-methylgalactose, which 
was also formed, probably arose from incomplete methylation (after reduction) of galact- 
uronic acid end groups. These results established the mode of linkage of the sugar 
residues in the aldobiouronic acids, and subsequent examination of the methylated acidic 


* We are grateful to Dr. A. Nicolson for performing these experiments. 
* Banks, Greenwood, and Stephen, unpublished results. 
* Lewis and Smith, J. Amer. Chem. Soc., 1957, 79, 3929. 
‘ Lemieux and Bauer, Canad. J. Chem., 1953, $1, 814. 
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oligosaccharides isolated on hydrolysis of the methylated polysaccharide provided evidence 
for the linking of 4-O-methylglucuronic acid and galactose, and of galacturonic acid and 
rhamnose residues. It follows that the two aldobiouronic acids were (4-D-galactose 
4-O-methyl-p-glucopyranosid)uronic acid and (2-1-rhamnose D-galactopyranosid)uronic 
acid, which pair of acidic disaccharides was previously isolated from Khaya grandifolia 
gum.! 

The polysaccharide was converted into its fully methylated derivative. From a 
preliminary chromatographic examination of the hydrolysis of the methylated poly- 
saccharide, the methylated polysaccharide after reduction with lithium aluminium hydride, 
and the reduced methylated polysaccharide after remethylation, evidence was obtained 
for the presence in the methylated polysaccharide of residues of tetra- and tri-O-methyl- 
galactose, mono-O-methylrhamnose, tri-O-methylglucuronic acid, and di-O-methyl- 
galacturonic acid. A large-scale hydrolysis of the methylated polysaccharide afforded 
a complex mixture of neutral methylated sugars and methylated acidic oligosaccharides, 
By partition chromatography on cellulose the neutral methylated sugars were resolved 
and fractions containing methylated acids were also obtained. The following methylated 
sugars were identified by the formation of crystalline derivatives: 2,3,4,6-tetra-, 2,3,4- 
and 2,3,6-tri-, and 2,4-di-O-methyl-p-galactose, and 2,3,4-tri-, 3,4-di-, and 3-O-methyl-1- 
rhamnose. In addition, the following sugars, present in only small amount, were 
identified by optical rotation, by chromatography and paper ionophoresis of the sugars, 
and by chromatography of the products of periodate oxidation and of demethylation: 
2,3,5-tri-O-methyl-1-arabinose, 2,6- and 2,3-di-O-methyl-p-galactose, and L-rhamnose. 
It is possible that some fractions from which 2,3,6-tri-O-methyl-D-galactose was characterised 
also contained another sugar (possibly an isomeric trimethyl ether) which was not 
identified (see pp. 4925, 4926). 

Six fractions containing methylated acidic oligosaccharides were obtained, and small 
amounts of each of these were converted into methyl ester methyl glycosides and reduced 
with lithium aluminium hydride and hydrolysed, and the resulting mixtures of methylated 
sugars were examined by chromatography. Three of the acidic fractions were sufficiently 
homogeneous for certain broad conclusions to be drawn from the results of these experi- 
ments, taken in conjunction with the subsequent identification of the constituent 
methylated sugars. Fraction (iii), when treated in this way, gave approximately equi- 
molecular proportions of 2,3,4-tri-O-methylglucose and 2,3,6-tri-O-methylgalactose, 
indicating that the fraction contained the fully etherified aldobiouronic acid (2,3,6-tri-O- 
methyl-4-p-galactopyranose 2,3,4-tri-O-methyl-pD-glucopyranosid)uronic acid. Fraction 
(v), which constituted the major part of the acidic material, furnished 2,3-di-O-methyl- 
galactose and 3-O-methylrhamnose; it follows that the main chain of the polysaccharide 
contains 1,4-linked p-galacturonic acid residues and 1,2-linked L-rhamnopyranose residues 
carrying side-chains through position 4. Fraction (vi), when treated in the same way, 
gave only 2,3-di-O-methylgalactose, this sugar presumably arising from adjacent 1,4- 
linked p-galacturonic acid residues present in the polymer. 

The identity of the methylated hexuronic acid residues in the methylated gum and of 
neutral methylated sugar residues attached thereto was established by reducing the 
combined methylated acids (as methyl ester methyl glycosides) with lithium aluminium 
hydride and hydrolysing the resulting neutral oligosaccharides. The mixture of methylated 
sugars thus formed was partitioned on cellulose, and the following sugars were characterised 
by the formation of crystalline derivatives: 2,3,4-tri- and 3,4-di-O-methyl-p-glucose, 
2,3,4- and 2,3,6-tri- and 2,3- and 2,4-di-O-methyl-p-galactose, and 3-O-methyl-L-rhamnose. 
In addition, there were present in small amount 2,3,4-tri-O-methylrhamnose, rhamnose, 
and some unidentified methyl ethers of galactose. Since 2,3,4-tri- and 3,4-di-O-methyl-p- 
glucose were not present, and 2,3-di-O-methyl-p-galactose was present only in traces 
amongst the neutral sugars formed on direct hydrolysis of the methylated polysaccharide, 
it is clear that these sugars were formed by reduction of the corresponding hexuronic acids. 
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2,3,4-Tri-O-methyl-p-galactose could have arisen from either galactose or galacturonic 
acid tesidues in the polysaccharide, but since this sugar is also formed on direct hydrolysis 
of the methylated polysaccharide and hence from galactose residues, it is probable that 
some if not all of this sugar arises similarly from 1,6-linked galactose units. 

The results of the methylation analysis cannot be interpreted unambiguously, but it is 
clear from the quantities of sugars isolated that the following residues are of major 
structural significance: 2,3,4,6-tetra- and 2,3,6-tri-O-methyl-D-galactose, 3-O-methyl- 
t-rhamnose, 2,3,4-tri-O-methyl-p-glucuronic acid, and 2,3-di-O-methyl-p-galacturonic 
acid. From this information and from a knowledge of the order of linkage of sugar 
residues in the aldobiouronic acid units, the major part of the polysaccharide structure 
may be represented as a main chain (I) of 1,4-linked p-galacturonic acid and 1,2-linked 
t-rhamnopyranose residues, side-chains being attached thereto through position 4 of the 
rhamnose residues. It is possible that some 1,4-linked D-galactopyranose residues may 
be present in the main chain as well as in the side-chains. The polysaccharide contains 
end groups of D-galactopyranose (II) and 4-O-methyl-p-glucuronic acid residues, the 
latter being linked to position 4 of D-galactose in aldobiouronic acid units (III). The 
units (II) and (III) are therefore present as side-chains in the polysaccharide and it is 
probable that they are directly attached to position 4 of L-rhamnopyranose residues in 
the main chain. 


——4 p-GalpA 1 —— 4 p-GalpA 1——2 L-Rhap I——-_ (I) 
+ 
| 


(II) p-Galp 1 4-Me p-GpA 1——4 p-Galp 1——_ (III) 


(p-Galp = p-galactopyranose, L-Rhap = L-rhamnopyranose, p-GalpA = pD-galacturonic acid, and 
4-Me p-GpA = 4-O-methyl-p-glucuronic acid.) 





The structural significance of the other methylated sugars formed on hydrolysis of 
the methylated polysaccharide cannot yet be fully assessed, but it is clear that the poly- 
saccharide sample under examination contains the following sugar residues ([V—IX) in 
addition to the main structural units (I—ITI): 


L-Araf 1—— (IV), r-Rhap 1——. (V), ——2 t-Rhap 1—— (VI), ——6 p-Galp 1—— (VII), 
yell D-Galp 1—— (VIII), 4-Me D-GpA nae (EX) 


(L-Araf = L-arabinofuranose.) 


These residues may arise either from units attached in some way to the main backbone 
(I) of the polysaccharide or from the presence in this material of a small proportion of the 
minor polysaccharide component of the gum. The second alternative is supported by the 
demonstration on glass-fibre paper ionophoresis that the major polysaccharide fraction 
contained some of the second polysaccharide component. Experiments now in progress 
on the minor component of the gum may throw further light on this problem. 

Our present conclusions show that there is present in Khaya senegalensis gum a major 
polysaccharide component whose main structural features are similar to those of the gum 
from the related species, K. grandifolia,) and that again two different hexuronic acids are 
constituents of a single polysaccharide. Although differing in detailed molecular structure, 
the two gums contain some of the same structural features as Sterculia setigera® and 
Cochlospermum gossypium® gums, which also contain D-galactose, t-rhamnose, and 
D-galacturonic acid as the main ‘sugar constituents. A further similarity between the 
Khaya gums and Cochlospermum gossypium gum has been emphasised by the demonstration 


5 Hirst, Hough, and Jones, /J., 1949, 3145; Hough and Jones, J., 1950, 1199. 
* Hirst and Dunstan, /J., 1953, 2332. 
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that the latter gum contains end groups of D-glucuronic acid,’ although these residues are 
not present as the 4-methyl ether. 


EXPERIMENTAL 


Paper chromatography was carried out on Whatman Nos. 1, 4, and 20 papers with the 
following solvent systems (v/v): (A) ethyl acetate—pyridine—water (10: 4:3); (B) butan-l-ol- 
acetic acid—water (8: 2: 5, upper layer); (C) butan-l-ol-ethanol—water (4:1: 5, upper layer); 
(D) benzene-ethanol—water (169: 47:15, upper layer); (E) ethyl acetate—acetic acid—formic 
acid—water (18:3:1:4); (F) butan-l-ol-pyridine—water (9: 2:2). Unless otherwise stated, 
chromatography of methylated sugars was carried out in solvent C, and Rg values refer to the 
rate of movement relative to 2,3,4,6-tetra-O-methyl-p-glucose in that solvent. Demethylations 
of methylated sugars were performed by the method of Hough, Jones, and Wadman.® Paper 
ionophoresis was in borate buffer at pH 10. Sugars were normally revealed on chromatograms 
by spraying with p-anisidine hydrochloride in moist butan-1-ol,* a little glacial acetic acid being 
added before spraying of ionophoretograms. Unless otherwise stated, optical rotations were 
observed for water solutions at ca. 20°. 

Small-scale Fractionation of the Gum.—Crushed nodules (15 g.) of gum were stirred with 
N-sodium hydroxide (200 ml.) overnight, and the resulting solution was poured into ethanol 
acidified with concentrated hydrochloric acid. The precipitate was separated and stirred with 
water (50 ml.), the insoluble residue was removed at the centrifuge, and the supernatant 
solution was poured into ethanol to give fraction A; the insoluble residue dissolved with stirring 
in a larger volume (100 ml.) of water, and the solution when poured into ethanol afforded 
fraction B. 

Fraction A dissolved in water giving a highly mobile solution, which, after passage through 
columns of cation- and anion-exchangers, gave, when poured into ethanol, a precipitate which 
was dissolved in water and freeze-dried to furnish the minor component, [a], +48° (Found: 
equiv., 603; ash, <0-4%). This material was dissolved in water, the solution was stirred with 
mixed cation- and anion-exchangers, concentrated to 19 ml., and poured into ethanol (60 m1.). 
The precipitate afforded fraction A’ (major component of fraction A), [a],, +61° (c 0-35) (Found: 
equiv., 545); the solution afforded fraction A” (minor component of fraction A), [a], +7° 
(c 0-75) (Found: equiv., 850), which gave on hydrolysis galactose, rhamnose, a trace of 
arabinose, and acidic oligosaccharides. 

Fraction B on dispersion in water gave a thick gel, which on treatment with cation-exchanger 
(causing a rapid lowering of viscosity) and with anion-exchanger, followed by pouring the 
solution into ethanol, gave a precipitate, which was dissolved in water and freeze-dried to give 
the major component, [a], +143° (Found: equiv., 330; ash, 1-3%). Reprecipitation from 
aqueous solution with ethanol afforded a precipitate, fraction B’ (major component of fraction 
B), [@), +145° (c 0-28) [Found: equiv., 315 (corresponding to a uronic anhydride content 
of 56%); uronic anhydride, 56% (by decarboxylation)], and a solution from which fraction B” 
(minor component of fraction B) was isolated, having [a],, + 129° (c 0-32) (Found: equiv., 337). 

Large-scale Fractionation of the Gum.—Finely-ground gum (75 g.) was stirred with N-sodium 
hydroxide (1 1.) for 6 hr., and the resulting solution, after being kept overnight, was poured 
into ethanol containing concentrated hydrochloric acid (ethanol concentration of resulting 
solution was 70%). The gel, which separated, was removed at the centrifuge and the super- 
natant liquid (as also from subsequent reprecipitations) was immediately neutralised by the 
addition of calcium carbonate. The gel was dispersed in water and reprecipitated five times 
from aqueous solution by pouring this solution into ethanol (net ethanol concentration was 70% 
for the first and 60% for subsequent reprecipitations). This procedure furnished poly- 
saccharide I (34 g.), which was used for structural investigations. A sample of polysaccharide I 
was dissolved in water, the solution was shaken with mixed cation- and anion-exchangers, and 
the polysaccharide was precipitated, redispersed in water and, freeze-dried [Found (on material 
dried at 56° in vacuo): [a], +130° (c 0-21); equiv., 321; Found (on material dried at 100° 
in vacuo): [a], +140° (c 0-21); equiv., 317; OMe, 1-8%; ash, nil]. 

From the combined supernatant liquors neutralised with calcium carbonate there was 
isolated (as insoluble calcium salt) polysaccharide II (15 g.), which after reprecipitation had 


7 Aspinall, Hirst, and Johnston, unpublished results. 
* Hough, Jones, and Wadman, /., 1950, 1702. 








ol 
th 
nt 
ng 
ed 


er 
he 
ve 
ym 
on 
nt 
RB” 
7). 
im 


ng 
er- 
he 
1eS 
%, 
el 
nd 
ial 
0° 


yas 
ad 








[1960] Plant Gums of the Genus Khaya. Part I]. 4923 


fa, +0° (c 0-91) (Found: equiv., 1040). Evaporation of the supernatant liquid gave poly- 
saccharide III (ca. 3 g.), which was subsequently isolated as barium salt, [a], +11° (c 0-87). 

Partial Hydrolysis of the Polysaccharide and Examination of Acidic Fractions.—The poly- 
saccharide (15 g.) was hydrolysed with n-sulphuric acid (400 ml.) at 100° for 6hr. Part of the 
polysaccharide remained insoluble, was separated, and was hydrolysed for a further 6 hr. The 
combined solutions were neutralised with barium hydroxide and barium carbonate, and the 
solution was filtered, evaporated to small volume, passed through cation-exchanger to remove 
barium ions, and concentrated to a syrup. Chromatography of the syrup in solvent A showed 
galactose, rhamnose, a trace of arabinose, and a mixture of acidic sugars. Various unsuccessful 
attempts were made to fractionate the acidic oligosaccharides by gradient elution from a 
column of Amberlite resin CG-400 (100—200 mesh) in the acetate form. Neutral sugars were 
separated by adsorption of acidic sugars on Amberlite resin CG-45 (OH) and elution of the 
resin with water. Desorption of the acidic sugars from the resin with 15% aqueous formic 
acid gave a syrupy mixture of acids (2-1 g.). The acids were fractionated on cellulose (60 x 3-5 
cm.) with ethyl acetate—acetic acid—water (9 : 2: 2) as eluent, to give two fractions, which were 
examined further, and a mixture of higher acidic oligosaccharides. 

Fraction 1. The syrup (80 mg.) had Rynamnose 0°95 in solvent B. The acid was converted 
into methyl ester methyl glycosides, reduced with potassium borohydride, and hydrolysed to 
give 4-O-methylglucose, identified by chromatography of the sugar and of its periodate 
oxidation products.* 

Fraction2. Chromatography of the syrup M (330 mg.) in solvent B suggested the presence of 
two components, Rgalactose 9°80—0-88 which were incompletely resolved. Hydrolysis of the 
syrup and chromatography in solvent A gave rhamnose, galactose, and acidic sugars. 
Hydrolysis of the syrup after reduction of methyl ester methyl glycosides with potassium 
borohydride gave rhamnose, galactose, and 4-O-methylglucose. 

The syrup M (300 mg.) was methylated with methyl sulphate and sodium hydroxide, and the 
mixture was acidified and extracted with chloroform to give methylated aldobiouronic acids 
(250 mg.). Lithium aluminium hydride (100 mg.) was added to the methylated aldo- 
biouronic acids (250 mg.) in tetrahydrofuran (40 ml.), the mixture was refluxed for 1 hr., 
further lithium aluminium hydride (50 mg.) was added, and heating was continued for 1 hr. 
Excess of hydride was destroyed by the addition of water, the resulting precipitate of metal 
hydroxides was dried, the filtrate was taken to dryness, and both residues were extracted with 
chloroform to give syrupy partially methylated disaccharides (183 mg.). This mixture (183 mg.) 
was further methylated with methyl iodide arid silver oxide, and the product (110 mg.) was 
hydrolysed with n-hydrochloric acid at 100° for 4 hr. The resulting methylated sugars were 
separated on cellulose (45 x 2-5 cm.), with light petroleum (b. p. 100—120°)—butan-1-ol (7: 3), 
saturated with water as eluent, into four fractions and a trace of a mono-O-methylrhamnose 
(Rg 0-58) which was not examined further. Fraction a (19 mg.), Raq 1-0, crystallised when 
seeded and had m. p. and mixed m. p. (with 2,3,4,6-tetra-O-methyl-p-glucose) 81—82°. 
Fraction b contained three sugars and was separated on filter sheets with solvent D into fractions 
b(i) (25 mg.), b(ii) (20 mg.), and b(iii) (7 mg.); the last was combined with fraction c. Fraction 
b(i), Rq 0-89, was characterised as 2,3,4,6-tetra-O-methyl-p-galactose by conversion into the 
aniline derivative, m. p. and mixed m. p. 187—188°. Fraction b(ii), Rg 0-86, was chromato- 
graphically and ionophoretically indistinguishable from 3,4-di-O-methyl-1-rhamnose, and 
furnished 3,4-di-O-methyl-t-rhamnonolactone, m. p. and mixed m. p. 70—72°. Fraction ¢ 
(10 mg.), Rg 0-70, was identified as 2,3,6-tri-O-methylgalactose by conversion into 2,3,6-tri-O- 
methyl-p-galactonolactone, Rq 1-0 (single component), and m. p. and mixed m. p. 95—96°. 
Fraction d (3 mg.), Rq 0-65, partially crystalline, was chromatographically identical with 
2,3,4-tri-O-methyl-p-galactose.. Reduction of the sugar and of an authentic sample with 
potassium borohydride, followed by oxidation with periodate, gave in each case 1 mol. of 
formaldehyde ® together with a sugar (presumably 2,3,4-tri-O-methyl-L-lyxose) with Rg 0-82. 

Methylation of the Polysaccharide—The polysaccharide (25 g.) was treated with methyl 
sulphate (400 ml.) and 40% w/v aqueous sodium hydroxide (600 ml.) at 0° under nitrogen. 
Three further additions of the same quantities of reagents were made at room temperature. 
The final mixture was warmed to 60° to complete reaction, cooled, and neutralised with 
sulphuric acid to pH 6. The cooled mixture was filtered from sodium sulphate, and the filtrate 


® O'Dea and Gibbons, Biochem. J., 1953, 55, 580. 
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was dialysed until free from inorganic ions. The dialysed solution was neutralised with silver 
carbonate, filtered, and freeze-dried to give a partially methylated silver salt (ca. 30 g.). A 
portion (2-1 g.) of the silver salt was heated in a boiling mixture of methanol (30 ml.) and methy] 
iodide (25 ml.), and silver oxide (5 g.) was added slowly. The chloroform-soluble product 
(1-92 g.) was methylated with methyl iodide and silver oxide and yielded two fractions (a) 
(0-36 g.; OMe, 38-0%), soluble in light petroleum (b. p. 100—120°)-chloroform (4: 1), and (6), 
insoluble in the solvent mixture. Fraction (b) was shaken with dimethylformamide (10 m1), 
methyl iodide (10 ml.), and silver oxide (5 g.) for 2 days and afforded fraction (c) (1-1 g.) whose 
methoxyl content (40-1%) was not increased on further treatment with methyl iodide and 
silver oxide. Fraction (a) was remethylated with methyl iodide and silver oxide, and the 
product was combined with fraction (c) to give methylated gum A (0-75 g.), [a], +72° (c 1-35 
in CHCl,) (Found: OMe, 40-1%). 

The major portion (15 g.) of the partially methylated silver salt was treated extensively with 
methyl iodide and silver oxide to give methylated gum B (7-6 g.) (Found: OMe, 42-0%), {j, 
+ 64° (c 2-3 in CHCl,), which was used in the detailed studies described below. 

Reduction of the Methylated Gum.—Methylated gum A (0-58 g.) was dissolved in tetrahydro- 
furan (10 ml.) and lithium aluminium hydride (0-2 g.) in tetrahydrofuran (10 ml.) was added. 
After 0-5 hr. at room temperature, the mixture was refluxed for 2 hr. Excess of hydride was 
destroyed with ethyl acetate, and the resulting mixture was shaken with dilute sulphuric acid 
and extracted with chloroform. The chloroform extract furnished reduced methylated gum C 
(0-43 g.), [a], +35° (c 0-9 in CHCl,) (Found: OMe, 37-0%). 

Reduced methylated gum C (0-29 g.) was methylated twice with methyl iodide and silver 
oxide to give methylated reduced gum D (0-27 g.), [aJ,, +37° (c 2-7 in CHCI,). 

Small-scale Hydrolyses of Methylated Gum Samples.—Samples of the methylated gum acid A, 
and of the reduced methylated gums C and D were each hydrolysed by heating with formic 
acid at 100° for 4 hr., and after removal of formic acid, with N-sulphuric acid at 100° for 16 hr. 
The hydrolysates were neutralised with barium carbonate, and the filtrates were examined 
chromatographically in solvent C. The main hydrolysis products detected in this way are 
indicated in the Table, together with relative intensities. _ 


Methylated gums 


Sugar 

Tetra-O-methylglucose . 

Tetra-O-methylgalactose ; + 4. 
Tri-O-methylglucose ; 

Tri-O-methylgalactose + 
Mono-O-methylrhamnose ob oe 
Di-O-methylgalactose 49 +44 ++ 
Acidic sugars . . ae 


D 
-f- 
++ 
+4 


Hydrolysis of Methylated Polysaccharide and Identification of the Neutral Sugars.—Methylated 
gum B (6-5 g.) was heated at 100° for 1 hr. in formic acid (60 ml.) and water (10 ml.), and, after 
removal of formic acid at 95—-98°, for 14 hr. with N-sulphuric acid (200 ml.). The cooled 
solution was neutralised with barium carbonate, filtered, and concentrated to a thin syrup 
which was placed on a cellulose column (120 x 3-8 cm.). The column was eluted with light 
petroleum (b. p. 100—120°)—butan-l-ol (2:1), saturated with water, and with butan-l-ol 
saturated with water, to give fractions 1—12 containing neutral sugars. Some fractions, 
which were contaminated with acidic sugars, were purified by extraction with boiling ether, 
leaving residual barium salts which were combined to give acidic fraction (i). Subsequent 
elution of the column with ethanol—water and with water gave acidic fractions (ii)—(vi) 

Fraction 1. The chromatographically pure syrup (50 mg.), Rg 1-0, fa), +21° (c 1-3), was 
identified as 2,3,4-tri-O-methyl-L-rhamnose by conversion into the aniline derivative, m. p. 
and mixed m. p. 115—116°. 

Fraction 2. The syrup (60 mg.) had [a, —45° (c 1-6) and was chromatographically 
indistinguishable from 2,3,5-tri-O-methyl-L-arabinose, Rg 0-98 and 1-02 in solvents C and D. 
Demethylation gave arabinose. 

Fraction 3. Chromatography of the syrup (80 mg.) showed two components, Rg 0-98 and 
0-89. The optical rotation, [a], +35°, corresponded to that of a mixture of 2,3,5-tri-O-methyl- 
L-arabinose (35 mg.) and 2,3,4,6-tetra-O-methyl-p-galactose (45 mg.). 
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Fraction 4. The syrup (0-75 g.), Rg 0-89, [aj,, +95° (c 2-96), crystallised when seeded with 
2,3,4,6-tetra-O-methyl-p-galactose and had m. p. 67—69°. The derived Nn-phenylglycosyl- 
amine had m. p. and mixed m. p. 191—192°, and [a], —88°-—» +40° (c 0-5 in Me,CO con- 
taining one drop of pyridine) (Found: OMe, 40-2. Calc. for C,,H,,0,N: OMe, 39-8%). 

Fraction 5. Chromatography of the syrup (46 mg.), [a], +31° (c 1-1), in solvent D showed 
2,3,4,6-tetra-O-methylgalactose (Rg 0-87) and a sugar (Rg 0-25) which gave a yellow-ochre 
stain with p-anisidine typical of rhamnose derivatives. The latter component (23 mg.), [a], 
+15° (c 1-1), was separated on filter sheets by using solvent D. The sugar which was chromato- 
graphically and ionophoreticaily indistinguishable from 3,4-di-O-methyl-L-rhamnose, crystallised 
and gave an X-ray photograph identical with that of an authentic sample. 

Fraction 6. Chromatography of the syrup (0-59 g.), [a],, +89° (c 3-5), in solvents C, D, and E 
(Rg 0-72, 0-71, and 0-23) showed only one component. Demethylation gave galactose only. 
Periodate oxidation 1° gave a negligible amount of formaldehyde (as dimedone derivative). 
Periodate oxidation ‘ of the derived galactitol (from reduction with sodium borohydride) gave 
a main component (probably 2,3-di-O-methyl-1t-threose), Rg 0-92, 0-93, and 0-90 in 
solvents C, F, and D (ochre stain) and a minor component, Rg 0-65, in solvent E, detected with 
ammoniacal silver nitrate. The main component was identified as 2,3,6-tri-O-methyl-p- 
galactose by oxidation to 2,3,6-tri-O-methyl-p-galactonolactone, m. p. and mixed m. p. 99—100° 
(Found: OMe, 41-4. Calc. for C,H,,0,: OMe, 41-3%). Considerable difficulty was experienced 
in freeing the crystalline lactone (Rg 1-0 in solvent C; violet stain with hydroxylamine-ferric 
chloride spray ") from an accompanying viscous oil which contained two lactones (Rg 1-0 
and 0-80). 

Fraction 7. The chromatographically pure syrup (0-20 g.), Rg 0-68, [a], ca. + 100° (c 2-92), 
was identified as 2,3,4-tri-O-methy]-p-galactose by conversion into the aniline derivative, m. p. 
and mixed m. p. 162—163° [the m. p. was depressed to 151—153-5° on admixture with the 
aniline derivative of 2,4,6-tri-O-methyl-p-galactose (m. p. 172°)] (Found: C, 60-1; H, 7-9; 
N, 49. Calc. for C,;H,,NO,;: C, 60-6; H, 7-8; N, 47%). 

Fraction 8. The syrup (0-30 g.), Rg 0-55, crystallised and after recrystallisation from 
methanol-ether had m. p. and mixed m. p. (with 3-O-methyl-L-rhamnose) 113—114° and [a], 
+35° (equil.) (c 2-0) (Found: OMe, 17-2. Calc. for C,H,,0;: OMe, 17-4%). Oxidation of 
the sugar with periodate gave acetaldehyde (dimedone derivative, m. p. and mixed m. p. 137°) 
in low yield. The derived syrupy mixture of methyl pyranosides (prepared by refluxing the 
sugar with dry methanolic hydrogen chloride) did not reduce periodate. 

Fraction 9. The syrup (70 mg.), {a],, + 65° (¢ 0-9), was chromatographically indistinguishable 
from 2,6-di-O-methyl-p-galactose (Rg 0-50). Demethylation gave galactose. Chromatography 
of the periodate oxidation products * showed methoxymalondialdehyde (from 2-O-methyl- 
aldose) and 3-O-methylglyceraldehyde (from 6-O-methylaldohexose). An ethyl acetate 
solution deposited crystals with m. p. 130—131° (cf. 2,6-di-O-methyl-8-p-galactose, m. p. 
128—130° 12) which was lowered to 105—108° after recrystallisation from chloroform-—light 
petroleum (b. p. 80—100°) (possibly due to inadvertent partial hydration). 

Fraction 10. Chromatography of the syrup (40 mg.), Rg 0-46, and of its periodate oxidation 
products indicated the presence of 2,3-di-O-methylgalactose; demethylation gave galactose. 
Periodate oxidation of the syrup ? gave formaldehyde (as dimedone derivative) in good yield. 

Fraction 11. Extraction of the crude syrup (0-22 g.), Rg 0-44, [a],, +80° (c 1-0), with ether 
containing a little methanol gave a product which crystallised from ether—chloroform—methanol 
as needles, m. p. 100—102°. Demethylation gave galactose. Periodate oxidation !° gave 
formaldehyde (as dimedone derivative) in low yield (cf. Bell *). The sugar was characterised 
as 2,4-di-O-methyl-p-galactose by conversion into the aniline derivative, m. p. and mixed 
m. p. 207—208° (Found: C, 59-6; H, 7-4; N, 4:8. Calc. for C,,H,,NO,: C, 59-4; H, 7-5; 
N, 49%). 

Fraction 12. The syrup (50 mg.), [a], +20° (c 1-3), was a mixture of 2,4-di-O-methyl- 
galactose (Rg 0-44) and a sugar chromatographically and ionophoreticaily indistinguishable 
from t-rhamnose. The latter sugar was separated on filter sheets and on periodate oxidation 
afforded acetaldehyde (as dimedone derivative). 


1 Reeves, J. Amer. Chem. Soc., 1941, 68, 1476. 

11 Abdel-Akher and Smith, J. Amer. Chem. Soc., 1951, 78, 5859. 
™ Oldham and Bell, J. Amer. Chem. Soc., 1938, 60, 323. 

8 Bell, J., 1945, 692. 
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Examination of Acidic Fractions.—Fractions (i)—(vi), isolated as barium salts, were 
converted into free acids by treatment of their solutions with cation-exchanger. Each fraction 
was converted into methyl ester methyl glycosides with boiling methanolic 1-6N-hydrogen 
chloride, the ester glycosides were reduced with lithium aluminium hydride, and the reduction 
products were hydrolysed with n-sulphuric acid at 100° to syrupy mixtures of sugars which 
were examined chromatographically. 

Fraction (i). This comprised the acid residues which had percolated through the cellulose 
at earlier stages of the elution; neutral sugars were removed from barium salts by extraction 
with boiling ether. The barium salts (0-18 g.) had [aJ,, +46° (c 1-8) and the main acid component 
had Rg 0-15 and 0-95 in solvents C and E. Reduction, etc., gave 2,3,4-tri-O-methylglucose 
(Rg 0-88) and 2,3,6-tri-O-methylgalactose (Rg 0-69) together with small amounts of 3-O-methyl- 
rhamnose (Rg 0-57) and 2,3-di-O-methylgalactose (Rg 0-45). 

Fraction (ii). The acids (80 mg. as barium salts) were separated from neutral sugars on 
filter sheets by using solvent E, and had Rg 0-20 and 0-95 in solvents C and E. Reduction, 
etc., gave 2,3,4-tri-O-methylglucose and 2,3,6-tri-O-methylgalactose. The neutral sugar 
fractions (120 mg.) were heavily contaminated with non-carbohydrate material, but contained 
2,4-di-O- and 2-O-methylgalactose (Rg 0-43 and 0-29), recognised by chromatography of the 
sugars and of the products of demethylation and of periodate oxidation. 

Fraction (iii). The barium salt (0-60 g.) had [a], +84° (c 3-23) and the free acid had Rg 
0-16 and 0-94 (cherry-red stain) in solvents C and E. Reduction, etc., gave 2,3,4-tri-O-methyl- 
glucose and 2,3,6-tri-O-methylgalactose. 

Fraction (iv). The barium salts (0-85 g.) afforded free acids which had Rg 0-0—0-15 and 
0-65—0-95 in solvents C and E. 

Fraction (v). This constituted the major part of the acidic material and was recovered as 
hygroscopic barium salt (3-06 g.), [a],, +75° (c 0-83); the free acid had Rg 0-0 and 0-65 in solvents 
C and E. Reduction, etc., furnished 2,3-di-O-methylgalactose (Rg 0-48) and 3-O-methyl- 
rhamnose (Rg 0-57) (the former predominating) together with a trace of 2,3,6-tri-O-methyl- 
galactose. 

Fraction (vi). The crude residue was extracted with methanol—water and the extract 
(Rg 0-0 in solvent C) was converted into methyl ester methyl glycosides (0-7 g.), which on 
reduction, etc., gave a syrup (0-4 g.) containing 2,3-di-O-methylgalactose (Rg 0-48) and only 
traces of other sugars. 

Identification of Neutral Sugars from Reduction of Acidic Fractions.—The methylated sugars 
from reduction, etc., of the acidic fractions (i)—(vi) were combined (3-07 g.) and separated on 
cellulose as described earlier to give twelve fractions. 

Fraction A. Although the first litre of eluate contained no sugars which could be detected 
on chromatograms (p-anisidine and silver nitrate sprays), evaporation gave a mobile oil (0-35 g.), 
[a],, +13° (c 1-5), which was freely soluble in water and ether. Hydrolysis of a portion (50 mg.) 
with n-hydrochloric acid at 100° for 6 hr., followed by chromatography showed 2,3,4-tri-O- 
methylglucose (Rg 0-88) and small amounts of other sugars, including 2,3-di-O-methylgalactose 
(Rg 0-48). 

Fraction B. The syrupy sugar (20 mg.) was chromatographically indistinguishable from 
2,3,4-tri-O-methyl-L-rhamnose (fraction 1; Rg 1-0). 

Fraction C. The sugar (0-31 g.) had [a], +74° (c 1-23) and Rg 0-87 and 0-20 in solvents 
Cand D. Demethylation gave glucose, and further methylation with methyl iodide and silver 
oxide followed by hydrolysis gave 2,3,4,6-tetra-O-methylglucose. Reduction with sodium 
borohydride followed by periodate oxidation 4 gave a product with Rg 0-92 and 0-86 in solvents 
C and D (pink stain, presumably 2,3,4-tri-O-methyl-L-xylose). Periodate oxidation 1° of the 
sugar gave a low yield of formaldehyde (as dimedone derivative) (cf. Bell 4). The sugar was 
characterised as 2,3,4-tri-O-methyl-p-glucose by conversion into the aniline derivative, m. p. 
143—144° and mixed m. p. (with sample of m. p. 137—139°) 139—141°. 

Fraction D. The chromatographically pure syrup (0-25 g.) had Rg 0-72 and [aj, +79° 
(c 2-3). Demethylation gave galactose. Oxidation of the sugar with bromine water gave an 
aldonolactone which crystallised with difficulty after distillation under reduced pressure; 
recrystallisation from ether-light petroleum (b. p. 40—60°) gave 2,3,6-tri-O-methyl-p-galactono- 
lactone, m. p. 97—98° and mixed m. p. 98—99°. A second crop of crystals had m. p. 70-75°. 


4 Bell, J., 1948, 992. 
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The pure lactone had Rg 1-0, but the second crop contained two components, Rg 1-0 and 0-80 
(cf. fraction 6). 

Fraction E. The sugar (70 mg.), [a], +88° (c 1-3), Rg 0-68, was characterised as 2,3,4-tri-O- 
methyl-p-galactose by conversion into the aniline derivative, m. p. 164—165° and mixed m. p. 
(with sample, m. p. 162—163°) 162—164°. 

Fraction F. The syrup (50 mg.), Rg 0-63, contained two components, Rg 0-20 and 0-05 in 
solvent D. The slower-moving sugar resembled the major component of fraction G and was 
examined with it; the faster-moving sugar (20 mg.) had [a], ca. +25° (c 0-4) and [a], 0° (c 0-4 
in MeOH). Demethylation gave galactose. Oxidation with periodate* gave a sugar with 
Rg 1-0 and 1-15 in solvents C and D (grey stain). 

Fraction G. The syrup (0-12 g.), Rg 0-62, was partly crystalline and contained two com- 
ponents, Rg 0-15 and 0-07 in solvent D. Crystals were separated from syrup (porous tile) and 
after recrystallisation from ethyl acetate containing a little light petroleum (b. p. 80—100°) 
gave prisms (18 mg.), m. p. 122—123° (cf. 3,4-di-O-methyl-p-glucose,® m. p. 110—113°). The 
mother-liquors were separated on filter sheets (solvent D); the major component (65 mg.), [a], 
+60° (¢ 1-2), Rg 0-07 in solvent D, crystallised. Demethylation gave glucose. Periodate 
oxidation * gave a sugar chromatographically identical with 2,3-di-O-methyl-L-arabinose, 
which was similarly formed from 3,4-di-O-methyl-p-mannose. The aniline derivative had 
m. p. 176° (Bell and Greville * give m. p. 177—178° for N-phenyl-3,4-di-O-methyl-p-glucosy]- 
amine). 

Fraction H. The sugar (0-22 g.), Rg 0-57, after recrystallisation from methanol—water had 
m. p. 119° and mixed m. p. (with 3-O-methyl-L-rhamnose) 116—117°. 

Fraction I. The syrup (15 mg.) was identified as 2,6-di-O-methylgalactose by chromato- 
graphy of the sugar and of its periodate oxidation products. 

Fraction J. The sugar (0-56 g.), Rg 0-48, [a], +98° (c 1-0), constituted the major fraction 
of the hydrolysate. Demethylation gave galactose. The sugar was identified as 2,3-di-O- 
methyl-p-galactose by conversion into 2,3-di-O-methyl-p-galactonamide, m. p. and mixed 
m. p. 140° (Found: C, 42-9; H, 7-6; N, 6-3; OMe, 28-2. Calc. for CgH,,NO,: C, 43-0; H, 7-7; 
N, 6-3; OMe, 27-8%). 

Fraction K. The sugar (20 mg.) was characterised as 2,4-di-O-methyl-p-galactose by 
conversion into the aniline derivative, m. p. 203—204° and mixed m. p. (with sample, m. p. 
213—214°) 208—210°. 

Fraction L. The syrupy mixture (30 mg.) of sugars contained 2,4-di-O-methylgalactose 
and rhamnose, Rg 0-44 and 0-30. 
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956. Alkaloids of Daphnandra Species. Part VI.1 The Structures 
of Daphnandrine, Daphnoline, and Aromoline. 


By I. R. C. Bick, P. S. CLezy, and M. J. VERNENGO. 


Daphnandrine, daphnoline, and aromoline are shown to have structures 
(I; Rt = R* = Me, R* = R* =H), (I; R* = Me, R* = R* = R¢ = BH), 
and (I; R! = R? = Me, R* = R‘ =H), respectively. Observations are 
made concerning the variability of alkaloid content of Daphnandra micrantha 
and D. aromatica. 


IN a previous paper,? daphnandrine, a ane and aromoline were shown to have the 
same skeleton as oxyacanthine * (I; R! = R? = R* = Me, R* = H) and to differ from it 
only in the number and relative positions of the methoxy-, hydroxy-, and methylimino- 
groups. Aromoline proved to be a de-O-methyloxyacanthine, and structure (I; R!= 
R? = Me, R® = R* = H) was suggested for it although the position of the extra hydroxy- 
group remained uncertain. 

Daphnoline (I; R! = H, R? = Me or vice versa, R? = R* = H) was shown to bea 
de-N-methylaromoline, but it was not possible to determine which methylimino-group 
it lacked. Daphnandrine (I; R! = H, R? = Me or vice versa, R? = H, R* = Me) is an 
O-methyldaphnoline and has a methoxy- group in the benzyl portion of the molecule, 


OMe MeO 
OR? NR? 
—> 
(LV) 


oe =. i 


(IIT) 


OMe MeO 
OMe 


I~ Me,N¢ OEt 


CH, 
OMe ® .* 
C,H, . OEt at 


(11) (V) 


However, the position of the hydroxyl in the isoquinoline residue, as with aromoline and 
daphnoline, was uncertain, and its tentative location at position 7 depended on the fact 
that daphnandrine gave a positive reaction with Millon’s reagent. It had been found by 
King * in the analogous series of bisbenzylisoquinoline alkaloids derived from curare that a 
positive test is given by a hydroxy-group in position 4 of a benzyl group or in the position 7 
of an isoquinoline, but not in position 6 of the latter. Although no exception to these 
findings is known in the curare series, their extension to the oxyacanthine-berbamine series 
is of doubtful validity since fangchinoline (II),5 a Chinese alkaloid structurally similar to 
berbamine, has recently been shown to have a hydroxy-group at position 7 of an isoquinoline 
residue although it does not give Millon’s test. 

1 Part V, Bick, Taylor, and Todd, J., 1953, 695. 

* Bick, Ewen, and Todd, J., 1949, 2767. 

% Reviewed by Kulka, ‘‘ The Alkaloids,”’ ed. Manske and Holmes, Academic Press Inc., New York, 
1954, Vol. IV, p. 213. 

* King, J., 1937, 1472; 1940, 737. 


5 Chuang Chang-Kong, Hsing Chi-Yi, Kao Yee-Sheng, and Chang Juo-Jen, Ber., 1939, 72, 619; 
Hsing Chi-Yi and Chang Ching-Hsiang, Acta Chim. Sinica, 1957, 28, 405. 
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To clarify the structures of these three Daphnandra bases we decided to apply the 
method developed by Tomita and his co-workers ® for degrading bisbenzylisoquinoline 
pases, by which they are split with sodium in liquid ammonia into two simple benzyliso- 
quinolines of the armepavine (III; R = Me, R’ = H) type. 

Daphnoline was therefore methylated with diazomethane, then cleaved to produce a 
mixture of phenolic bases. One of these, separated as a crystalline oxalate, proved 
identical with (++)-armepavine (III; R= Me, R’=H). The other, after methylation 
with diazomethane gave (—)-OO-dimethylcoclaurine (IV; R= R’ = — From these 
reactions, OO-dimethyldaphnoline must have structure (I; R! = R? = R* = Me, R? = H), 
and the position of the methylimino-group in daphnoline is fixed. 

Daphnoline was next ethylated with diazoethane, and the product was treated with 
sodium in liquid ammonia. The mixture of phenols thus obtained could not be con- 
veniently separated, so it was first ethylated with diazoethane, then the secondary base 
was separated from the tertiary one by chromatography on alumina. Unfortunately, 
neither the resulting bases nor their methiodides could be obtained crystalline so that a 
full comparison could not be made; however, while the bases themselves had significantly 
different Rp values when chromatographed on paper, the values for their methiodides 
were identical. This result is in accord with the structure (I; R! = Me, R? = R? = 
R‘ = H) for daphnoline, since the mathindiies can be identical, or enantiomorphic, only 
if 00-diethyldaphnoline has structure (I; R! = Me, R? = H, R? = R* = Et), which on 
cleavage with sodium in liquid ammonia nh give O-ethylcoclaurine (IV; R =H, 
R’ = Et) and O-ethyl-N-methylcoclaurine (III; R = Et, R’ =H); each of these com- 
pounds on ethylation of the hydroxy-groups and quaternisation would yield structure (V). 

In order to provide more “+ ack 44 idence for the above structure for daphnoline and 
the corresponding structure (I; R! = R* = Me, R? = R* = H) for daphnandrine, the 
latter was ethylated with pray and cleaved with potassium in liquid ammonia.’ 
The phenolic tertiary base was separated from the product as a crystalline oxalate, which 
by mixed melting point determination and a comparison of the infrared spectra proved 
identical with an authentic specimen of the oxalate of (-+-)-O-ethyl-N-methylcoclaurine 
(III; R = Et,R’ =H). Thus the structures of daphnandrine, daphnoline, and aromoline 
are respectively (I; R! = R* = Me, R? = R* = H), (I; R! = Me, R? = R* = R* = Hi), 
and (I; R! = R? = Me, R* = R* =H), and the position previously assigned to the 
hydroxy-groups in the isoquinoline rings is confirmed. 

In seeking additional supplies of daphnandrine for this work, a quantity of D. micrantha 
bark, collected in the East Dorrigo district of New South Wales, was extracted by methods 
similar to those previously described.*® However, the only base found, and that in 
substantial amount, was micranthine, an alkaloid which had been recorded by Pyman ® 
as a minor constituent of this plant. Variations in alkaloid content have already been 
noted +2: for samples of D. micrantha at different stages of growth and from different 
localities. The daphnoline used in this work was obtained from the bark of D. aromatica 
(collected in the Atherton district of North Queensland), a species from which daphnoline 
and aromoline had previously been isolated. The alkaloid content is evidently variable 
in this plant also, for daphnoline alone was isolated from it, and aromoline could not be 
detected. 


EXPERIMENTAL 


Extraction of D. aromatica Bark.—Sun-dried bark (6-5 kg.) was extracted with methanol 
(Soxhlet apparatus) during 5 days. After acidification with aqueous tartaric acid the extract 


* Reviewed by Tomita, Fortschr. Chem. org. Naturstoffe, 1952, 9, 184. 

* Djerassi, Figdor, Bobbitt, and Markley, J. Amer. Chem. Soc., 1957, 79, 2203. 
* Pyman, J., 1914, 105, 1679. 

® Bick and Todd, /J., 1950, 1606. 

© Bick and Whalley, Univ. of Queensland Papers, Dept. of Chem., 1948, 1, no. 32. 
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was evaporated under reduced pressure until free from methanol, and then the syrup was 
diluted with water (to 10 1.). A quantity of non-basic precipitate was filtered off, washed 
thoroughly with dilute aqueous tartaric acid, and discarded. The acid extracts were combined 
and basified (to pH 11) with aqueous ammonia. After being filtered off and dried (vacuum 
oven), the precipitate (220 g.) was extracted exhaustively with chloroform (Soxhlet apparatus), 
The chloroform solution was extracted with aqueous sodium hydroxide (5%) until all the 
phenolic bases had been removed, then washed thoroughly with water and dried (Na,SO)). 
Removal of the solvent in vacuo left a residue (50 g.) which gave a very strong test with Mayer’s 
reagent. Attempts to purify this material by chromatography on alumina and by partition 
between chloroform and aqueous acid failed to yield any pure crystalline substance. 

The aqueous alkali extract from above was acidified with hydrochloric acid, and the non- 
basic precipitate was removed, washed thoroughly with dilute acid, and rejected. The bases 
were reprecipitated from the combined acid solutions with aqueous ammonia, and extracted 
with chloroform. After being dried (Na,SO,) and concentrated somewhat, the extract slowly 
deposited crystalline daphnoline (6-5 g.). The mother-liquor gave a strong test with Mayer’s 
reagent but attempts to detect and separate aromoline by methods similar to those described 
above were not successful. 

OO-Dimethyldaphnoline.—Daphnoline (0-8 g.) was dissolved in methanol (150 c.c.) and 
methylated with diazomethane in ether (from 3 g. of methylnitrosourea in all) in four additions 
during a fortnight. After removal of the solvents in vacuo the oil which remained was dissolved 
in benzene and purified by chromatography on alumina. Elution with benzene-chloroform 
(1:1) yielded OO-dimethyldaphnoline (0-4 g.) which was insoluble in Claisen’s reagent, but 
could not be obtained crystalline. 

Fission of OO-Dimethyldaphnoline.—OO-Dimethyldaphnoline (0-3 g.) was dissolved in 
toluene (30 c.c.) and cleaved with sodium (1 g. in all) in liquid ammonia (400 c.c.). After 
evaporation of the ammonia the phenolic products (0-25 g.) were separated from the non- 
phenolic material (0-03 g.) by extraction with alkali and neutralisation of the solution; they 
were dissolved in ethanol (2 c.c.), a saturated solution of oxalic acid in ethanol (2 c.c.) was added, 
and the mixture was kept overnight in a refrigerator. A crystalline oxalate (0-1 g.) separated; 
after repeated recrystallisation from ethanol it had m. p. 209°, with or without admixture of an 
authentic sample of (+)-armepavine oxalate (Found: C, 62-2; H, 6-8; O, 27-4; MeN, 5-9. 
Calc. for C,,H,3NO,,4C,H,O,,14H,O: C, 62:3; H, 7-1; O, 27-0; MeN, 7-5%). Dissolved in 
warm water, the oxalate on addition of ammonia yielded the free base, which was extracted 
with ether, then crystallised and recrystallised from ether—acetone, forming needles, m. p. 143°. 
Tomita, Fujita, and Saijoh “ give m. p. 145° for armepavine. 

The mother-liquors after removal of the armepavine oxalate were evaporated to dryness 
in vacuo, and the residue was dissolved in warm water. The base, precipitated from this 
solution with ammonia, was removed by ether extraction, then the extract was dried (Na,SO,) 
and evaporated. A solution of the residue (0-11 g.) in methanol was methylated with ethereal 
diazomethane (from 1 g. of methylnitrosourea). Two further such additions of diazomethane 
were made at 3-day intervals, then the solvents and excess of diazomethane were removed 
in vacuo. The residue was dissolved in benzene and chromatographed on alumina; elution 
with benzene-chloroform (1: 1) and evaporation of the eluate yielded a residue (50 mg.) which 
crystallised when moistened with ethanol; recrystallisation gave needles, m. p. 200°. Tomita, 
Fujita, and Murai !* report m. p. 202—203° for OO-dimethylcoclaurine. 

Formation and Fission of OO-Diethyldaphnoline.—Daphnoline (1 g.), in methanol (200 c.c.), 
was ethylated with ethereal diazoethane by a method similar to that described above for the 
dimethyl compound. The oil (0-7 g.) was chromatographed as before, but it could not be 
obtained crystalline. It was insoluble in Claisen’s reagent. OO-Diethyldaphnoline (0-6 g.) 
was cleaved with sodium (1 g.) in liquid ammonia (400 c.c.) to yield a mixture of phenols 
(0-58 g.), which was dissolved in methanol (30 c.c.) and ethylated with ethereal diazoethane 
during 10 days. Evaporation of the solvents left a residue which was dissolved in benzene and 
chromatographed on alumina. Elution with benzene afforded a yellow oil (0-24 g., Fraction A), 
and with chloroform—benzene (1:1) another oil (0-22 g., Fraction B). Neither could be 
obtained crystalline. They were converted into methiodides which also failed to crystallise. 


11 Tomita, Fujita, and Saijoh, J. Pharm. Soc. Japan, 1952, 72, 1232. 
18 Tomita, Fujita, and Murai, J]. Pharm. Soc. Japan, 1951, 71, 1035. 
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The bases and their methiodides were chromatographed on Whatman No. 1 paper, butanol- 
acetic acid—water (4: 1: 5) being used as solvent, with the following results: Rp of Fraction A 
pase, 0-79; methiodide, 0-84. Ry» of Fraction B base, 0-88; methiodide, 0-84. 

0-Ethyldaphnandrine.—Daphnandrine (1-68 g.) was dissolved in methanol (100 c.c.) and 
ethylated with ethereal diazoethane as for daphnoline. O-Ethyldaphnandrine (0-82 g.) was 
obtained as an amorphous powder which although purified chromatographically would not 
crystallise. It gave a single spot when chromatographed on Whatman No. 1 paper [Rp 0-56 
in butanol-acetic acid—water (63:10:27)] different from that for daphnandrine (Ry, 
0-48, same solvent), and it formed an amorphous picrate which decomposed without 
melting (Found, in material dried at 100°/0-1 mm. for 4 hr.: C, 54-25; H, 4:8; N, 10-5. 
CysHgN20e,2C,H,N,0,,H,O requires C, 54-6; H, 4-6; N, 10-2%). 

Fission of O-Ethyldaphnandrine.—O-Ethyldaphnandrine (0-75 g.) was dissolved in toluene— 
benzene (3:2; 50 c.c.) and cleaved with potassium (2-1 g.) in liquid ammonia (200 c.c.). The 
non-phenolic (0-19 g.) and phenolic (0-49 g.) products were separated as before and the latter, 
dissolved in ethanol (5 c.c.), treated with a solution of oxalic acid (0-43 g.) in ethanol (2 c.c.). 
After being warmed on the water-bath, then set aside in a refrigerator, the mixture deposited 
a crystalline oxalate (0-19 g.) which was repeatedly recrystallised from ethanol, forming needles, 
m. p. 214—218° (decomp.), {a],,2° +95-7° (c 0-397, in water), which were identical (mixed m. p. 
and infrared spectrum of Nujol mull) with an authentic specimen of (+)-7-ethoxy-1,2,3,4- 
tetrahydro-1-4’-hydroxybenzyl-6-methoxy-2-methylisoquinoline oxalate. The free base (82 
mg.) was recovered from the oxalate as above and recrystallised from petroleum (b. p. 80—100°), 
giving needles, m. p. 130—132°, [a],,2° +87-1° (c 0-426, in chloroform). Its infrared spectrum 
was identical with that of an authentic sample of (-+-)-O-ethyl-N-methylcoclaurine (III; 
R = Et, R’ = H). 
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957. Studies in the Synthesis of Terpenes. Part V.* Some 
Bicyclic Intermediates for Triterpene Synthesis. 


By T. G. HALSALL and M. Moy_e. 


The preparation of a number of compounds of potential use as inter- 
mediates for the construction of rings D and E of the 8-amyrin carbon skeleton 
has been investigated. 


A POSSIBLE route for the synthesis of pentacyclic triterpenes with the oleanane skeleton 
involves the cyclisation of a tetracyclic intermediate such as (I) (cf. refs. 1—3). As 


* Part IV, J., 1959, 2798. 


1 Halsali and Thomas, J., 1956, 2431. 

* Sondheimer and Wolfe, Canad. J. Chem., 1959, 37, 1870. 

* Corey, Hess, and Proskow, J. Amer. Chem. Soc., 1959, 81, 5259; Stork, Davies, and Meisels, ibid., 
p. 5516; Corey and Sauers, ibid., 1957, 79, 3925; 1959, 81, 1739; Romann, Frey, Stadler, and Eschen- 
moser, Helv. Chim. Acta, 1957, 40, 1900; Sondheimer and Elad, Proc. Chem. Soc., 1957, 206; J. Amer. 
Chem. Soc., 1959, 81, 4429; King, Ritchie, and Timmons, Chem. and Ind., 1956, 1230. 
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precursors of the D/E half of such an intermediate the bromide (II), the acids (IV) and (Vy), 
and related compounds are of potential interest. 

The preparation of the octalone (VI) has already been described ! but its direct reduction 
to the decalone (VIII) with lithium in liquid ammonia in the absence of a proton source 
could not be brought about. Reduction in the presence of ethanol gave, as well as the dio] 
(X), some of the decalone (VIII), treatment of which with methylmagnesium iodide gave 
the two diols (XI and XII). 


HO,C ~ 





(11) R= Me 
(Ill) R=H 








XO-H,C XO-H,C~ ™ XO-H,C 
R-.. 
(@) R’ 
(VI) X=H (Vill) X=H (X) X=H,R=H, R'= OH (XIV) X=THP 
(VIl) X= THP (IX) X=THP (XI) X=H, R=Me, R=OH 


(XI) X= H, R= OH, R'=Me 


THP = tetrahydro ~2-pyranyl (XI) X= THP, R= H, R= OH 


The tetrahydropyranyl ether (IX) of the trimethyldecalone (VIII) has now been 
prepared from the octalone (VI) by conversion of the latter into its tetrahydropyrany] ether 
(VII), reduction with lithium in liquid ammonia to the decalol (XIII), and oxidation with 
chromic acid in pyridine. The corresponding methyldecalone ether (XIV) has also been 
prepared. 

By use of the Wittig-Skéllkopf procedure * the oxygen atom of a carbonyl group can 
be replaced by methylene. Sondheimer and Wolfe * have already converted the octalone 
(XV) into the trimethylmethyleneoctalin (XVII) by means of methylenetriphenyl- 
phosphorane. They stated? that their product was unstable. We have repeated their 
procedure and find that our product is stable over a period of six months. The mono- 
methyloctalone (XVI) has also been converted into the methylene derivative (XVIII). 
When this method was applied to the tetrahydropyranyl ether (VII) of the octalone (VI) 
no reaction occurred. On the other hand the decalone ethers (IX) and (XIV) gave, after 
removal of the ether group, the methylene derivatives (XIX) and (XX). The Wittig 
reaction must therefore be subject to steric interference. Attempts were made to convert 
these hydroxyethylmethylenedecalins into the corresponding bromides (II) and (III) by 
formation of the toluene-p-sulphonates followed by treatment with calcium bromide in 
ethanol.’ Bromine-containing products were obtained but their infrared spectra had no 
band indicative of a methylene group or a trisubstituted double bond. It appears likely 
that the double bond has moved to the tetrasubstituted 1,2-position during the treatment 
with calcium bromide as the toluene-f-sulphonates still had bands at 1640 and 895 cm.*, 
but the mechanism of such a change is not clear. Subsequently the bromide (III) was 
prepared by another route. 


* Wittig and Skéllkopf, Chem. Ber., 1954, 87, 1318. 
5 Eglinton and Whiting, J., 1950, 3650. 
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Attention was next turned to the synthesis of the acids (IV) and (V) from the trimethyl- 
octalone (XV). Because of its greater availability model experiments were first carried 
out with the methyloctalone (XVI). With ethyl bromoacetate in benzene in the presence 
of sodium t-pentyl oxide ® this gave the substituted octalone (XXI).* It showed maximal 





RR RR 
12) 
(XV) R=Me (XVII) R= Me (XIX) R=Me 
(XVI) R=H (XVIII) R=H (XX) R=H 


light absorption at the unusually low wavelength of 2440 A, as compared with a calculated 
value of 2520 A. The octalone ester (XXI) was hydrolysed to the acid (XXII) which was 
reduced with lithium in liquid ammonia, the formation of a trans-decalin and an equa- 
torially disposed 1-side-chain being expected. The crude product was methylated and 





RO,C ‘a e an “ws 
Oo O ooree Oo 
HO 
(XXI) R=Et (XXIII) R = Me HO 
(XXII) R=H (XXIV) R=H (XXV) (XXVI) (XX VII) 


oxidised to the keto-ester (XXIII) and thence gave the acid (XXIV). The keto-ester 
(XXIII) was converted into its ethylenedioxy-derivative which was reduced with lithium 
aluminium hydride to the hydroxy-ketal (XXV). Hydrolysis of this did not give a keto- 
alcohol. Instead two crystalline fractions, both melting over a range of temperature, 
were obtained and neither had an infrared band indicative of a carbonyl group. Bands 
indicative of a hydroxyl group and an ether linkage were found. The two fractions are 
therefore mixtures of the hemiketals (XXVI) and (XXVII). Hydrolysis of the hydroxy- 
ethyldecalone tetrahydropyranyl ether (XIV) gave the same mixture. 

The keto-acid (XXIV), with methylmagnesium iodide, gave a mixture from which a 
neutral and an acidic compound were isolated. The former had the formula C,,H,,O, and 
possessed a lactone group (vmx 1765 cm."'). It is formulated as the lactone (X XIX) of 
the hydroxy-acid (XXVIII) with the axial hydroxyl group, attack by the Grignard 
reagent having occurred from the side of the ring opposite to that occupied by the side- 
chain. The ring fusion of the lactone is therefore cis. Reduction of the lactone gave the 
diol (XXX). With phosphoryl chloride this gave a product containing only one oxygen 
atom and no chlorine. Its infrared spectrum indicated the presence of an ether linkage 
but no hydroxyl group, and indicates that the product is the cyclic ether (XX XI). 

The acidic compound is the hydroxy-acid (XXXII) with an equatorial hydroxyl 
group. Reduction of its methyl ester with lithium aluminium hydride gave a second diol 
(XXXIII). The equatorial nature of its tertiary hydroxyl group, and hence of that of 
the hydroxy-acid, was confirmed by treatment of the diol with phosphoryl bromide in 





* The initial work on this reaction was carried out by O. M. N. Behr to whom we express our thanks 
(cf. Behr, B.Sc, Thesis, Oxford, 1958). 


* Cf. Conia, Bull. Soc. chim. France, 1954, 690. 
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pyridine. The product contained a methylene group arising from the dehydration of an 
equatorial tertiary hydroxy-group and had the formula C,,H,,Br. It therefore had 
structure (III). Dehydration of the methyl ester of the hydroxy-acid (XXXII) with 
phosphoryl chloride in pyridine gave the corresponding methylene derivative (XXXIV). 






(XXIX) 





(XXXII) (XXXIID (XXXIV) 


After the sequence of reactions described above had been elucidated, the trimethyl- 
octalone (XV) was converted into the ester (XX XV) by treatment with ethyl bromo- 
acetate and base, followed by hydrolysis of the product and subsequent methylation. 
The reaction did not go as well as in the monomethyloctalone case. The ester (XXXV) 
also had maximal light absorption at 2440 A. The ester (XX XV) was converted into the 


MeO,C 





12) 12) 
(XXXV) (XXXVI) (XXXVID 


acid which was reduced with lithium in ammonia, and the product was subjected to the 
same sequence of reactions as described above; the decalone-acid (IV) was thus obtained. 
When this was treated with methylmagnesium iodide only the lactone (XXXVI), with 
the tertiary oxygen atom in the less useful axial configuration, was isolated. Reduction 
of the lactone gave the diol (XII) already prepared by Halsall and Thomas.! Because of 
the configuration of the tertiary hydroxyl group dehydration of the diol will not give a 
methylene group. 

When the trimethyloctalone was treated with the more reactive allyl bromide only 
the disubstituted product (XX XVII) was obtained. 


EXPERIMENTAL 


M. p.s were determined on a Kofler block and are corrected. The alumina used for chromato- 
graphy (unless otherwise stated) was alumina of activity I—II which had been deactivated 
with 5% of 10% aqueous acetic acid. Light petroleum refers to the fraction with b. p. 60—80°. 
Unless otherwise stated, ultraviolet spectra were determined for EtOH solutions and infrared 
spectra on natural films. 

All the compounds being racemic, (-+-)-prefixes are omitted. 

1-2’-Hydroxyethyl-10-methyl-A1)-octal-2-one.—This octalone was prepared by the method 
of Halsall and Thomas.' The semicarbazone was obtained as needles, m. p. 208° (decomp.), 
from ethanol (Found: C, 63-6; H, 8-75. C,,H,,3N,O, requires C, 63-35; H, 8-75%). The 
octalone (10-1 g.) was converted into its tetrahydropyranyl ether by treatment with 2,3-di- 
hydropyran (35 c.c.) and 10N-hydrochloric acid (0-25 c.c.) at 20° for 7 days. Ether was added 
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and the solution washed with potassium carbonate solution. Removal of the solvent gave the 
tetrahydropyranyl ether (13-2 g.) as an oil, ”,** 1-5220, vax 1665, 1080, 1070, and 1033 tm.*, 
which was used for subsequent transformations without further purification. 

10- Methyl - 1-2’ - tetrahydropyranyloxyethyl-trans-decal-2-one (XIV).—10-Methyl-1-2’- 
tetrahydropyranyloxyethyl-A™)-octal-2-one (10-4 g.) in ether (160 c.c.) was added during 
15 min. to a stirred solution of lithium (2 g.) in ammonia (500 c.c.). After a further 45 min. 
ethanol was slowly added. After evaporation of the ammonia water was added and the 
product isolated with ether. The resulting viscous oil (v,,, 3400, 1710, 1080, 1070, and 1033 
cm.; no band at 1665 cm.") (9 g.) in pyridine (100 c.c.) was added to chromic oxide (10 g.) 
in pyridine (100 c.c.) and the mixture kept at 20° for 20 hr. After dilution with water the 
product was isolated by continuous ether-extraction. Evaporation of the extract gave an oil 
(7-2 g.) which was adsorbed from light petroleum on alumina (350 g.). Elution with light 
petroleum (500 c.c.) gave an oil (2-8 g.), the infrared spectrum of which indicated that it was 
non-ketonic. Further elution with benzene-light petroleum (1:4; 500 c.c.) gave 10-methyl- 
1-2’-tetrahydropyranyloxyethyl-trans-decal-2-one (2-95 g.), b. p. 170—180° (bath)/0-1 mm., 
n,* 1-5000 (Found: C, 73-55; H, 10-05. CygH390, requires C, 73-45; H, 10-25%), Vmax. 1710, 
1080, 1070, and 1033 cm.7. 

1-2’-Hydroxyethyl-7,7,10-trimethyl-A®)-octal-2-one—This octalone was prepared by the 
method of Halsall and Thomas.' The octalone (3-5 g.) was converted into its tetrahydro- 
pyranyl ether by treatment with 2,3-dihydropyran (10 c.c.) and 10N-hydrochloric acid (0-1 c.c.) 
at 20° for 7 days. Ether was added and the solution washed with potassium hydrogen 
carbonate solution. Removal of the solvent gave the ether as an oil (4-6 g.), 2,” 1-5185, Amax. 
2520 A (c 12,500), Vmax, 1665, 1610, 1080, 1070, and 1032 cm."1. The ether was used for subse- 
quent transformations without further purification. 

7,7,10-Trimethyl-1-2'-tetrahydropyranyloxyethyl-trans-decal-2-one (IX).—7,7,10-Trimethyl- 
1-2’-tetrahydropyranyloxyethyl-A™)-octal-2-one (8-8 g.) in ether (150 c.c.) was added during 
15 min. to a stirred solution of lithium (2-0 g.) in ammonia (500 c.c.). After a further 45 min. 
ethanol was added. The ammonia was allowed to evaporate. Water was added and the 
product was isolated with ether as a viscous oil (7-9 g.), Vmax 3400, 1710w, 1080, 1070, and 1033 
cm. (no band at 1665 cm.). The total product was oxidised without further purification 
in pyridine (80 c.c.) with chromic oxide (8 g.) in pyridine (80 c.c.) for 20 hr. at 20°. After 
addition of water the product was isolated by continuous ether-extraction. Evaporation of 
the extract afforded an oil (6-8 g.) which was adsorbed from light petroleum on alumina (350 g.). 
After elution of a non-ketonic fraction (2-4 g.) with light petroleum (500 c.c.), elution with 
benzene-light petroleum (500 c.c.; 1:4) afforded 17,7,10-trimethyl-1-2’-tetrahydropyranyloxy- 
ethyl-trans-decal-2-one (2-45 g.), b. p. 175—180° (bath)/0-1 mm., ,*° 1-4980 (Found: C, 74-2; 
H, 10-8. Cy 9H,,0, requires C, 74-5; H, 10-65%), vmax, 1710, 1080, 1070, and 1033 cm.*. 

10-Methyl-2-methylene-A™)-octalin (XVIII).—Ethereal butyl-lithium (1 equiv.) was added 
under nitrogen to a stirred suspension of methyltriphenylphosphonium iodide (4-1 g., 0-01 
mol.) in tetrahydrofuran (125 c.c.). Stirring was continued a further 2 hr. after which a few 
crystals of the iodide still remained. 10-Methyl-A®)-octal-2-one 7 (1-64 g., 0-01 mol.) in tetra- 
hydrofuran (10 c.c.) was added, a precipitate being immediately formed. The mixture was 
kept under nitrogen at 20° overnight, then acetone was added dropwise to destroy any un- 
changed methylenetriphenylphosphorane. The solvents were removed and the residue was 
partitioned between 50%, aqueous methanol (80 c.c.) and light petroleum (250 c.c.). After 
further extraction of the aqueous phase the light petroleum extracts afforded a residue to 
which light petroleum (50 c.c.) was added. The solution was decanted from triphenylphosphine 
oxide and adsorbed on alumina (75 g.). Elution with light petroleum (250 c.c.) afforded 
10-methyl-2-methylene-A1®)-octalin (1-55 g.), b. p. 106—108°/20 mm., ,% 1-5260 (Found: 
C, 89-0; H, 11-1. C,,H,, requires C, 88-8; H, 11-2%), Amax. 2390 A (e 17,000), Vmax. 3080w, 
1640, and 890 cm.*1. 

7,7,10-Tvimethyl-2-methylene-A)-octalin (XVII).—This was prepared by the procedure 
described above. 7,7,10-Trimethyl-A™)-octal-2-one »* (1-92 g.) afforded 7,7,10-trimethyl-2- 
methylene-A™)-octalin (1-50 g.), b. p. 107—109°/20 mm., m,1* 1-5185 (Found: C, 88-45; 
H, 11-25. Calc. for C,gHy,: C, 88°35; H, 11-65%), Amex. 2390 A (e 17,000), vmx 1620, 1385, 
1365, and 895 cm." [lit.,? b. p. (bath) 130—140°/23 mm., m,,** 1-5100). 

* Gaspert, Halsall, and Willis, J., 1958, 624. 

* Eschenmoser, personal communication. 
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Attempted Preparation of 1,7,10-Trimethyl-2-methylene- 1-2'-tetrahydropyranyloxyethyl-AW®, 
octalin.—A suspension of methyltriphenylphosphonium iodide (10-25 g., 0-025 mol.) in tetra. 
hydrofuran (150 c.c.) was treated with ethereal phenyl-lithium in the manner described above, 
7,7,10-Trimethyl-1-2’-tetrahydropyranyloxyethyl-A™)-octal-2-one (VII) (1-6 g., 0-005 mol) 
was added to the resulting methylene triphenylphosphorane, and the mixture was heated under 
reflux under nitrogen for 36 hr. Acetone was added to destroy the excess of reagent, and the 
solvent evaporated, to give a residue which was worked up as described above. The resulting 
light petroleum solution was adsorbed on alumina (100 g.). Elution with light petroleum 
(350 c.c.) gave an oil (0-65 g.), the infrared spectrum of which had aromatic bands but no band 
at 890 cm. indicative of =CH,. Further elution with benzene-light petroleum (1:2; 350 
c.c.) afforded an oil (1-3 g.), the infrared spectrum of which was identical with that of 1-2’. 
tetrahydropyranyloxyethyl-7,7,10-trimethyl-A™)-octal-2-one. 

1-2’-Hydroxyethyl-10-methyl-2-methylene-trans-decalin (XX).—A suspension of methyl 
triphenylphosphonium iodide (6 g.) in tetrahydrofuran (150 c.c.) was treated with ethereal 
phenyl-lithium (1 equiv.), and 10-methyl-1-2’-tetrahydropyranyloxy-trans-decal-2-one (1-73 g)) 
added to the derived methylene triphenylphosphorane. The mixture was kept under nitrogen at 
20° overnight, during which a white precipitate separated. Acetone was added and the solvent 
then removed to give a residue which was worked up as described above. The resulting light 
petroleum solution was adsorbed on alumina (150 g.). Elution with light petroleum (400 c.c.) 
gave an oil (1580 mg.), Vmax, 1640, 895 (=CH,), 1080, 1070, and 1033 cm." (no band at 1710 cm.%), 

The total product in methanol (25 c.c.) and 0-1Nn-hydrochloric acid (10 c.c.) was shaken 
overnight. After dilution with water ether-extraction afforded a product which was adsorbed 
from light petroleum on alumina (100 g.). Elution with light petroleum (300 c.c.) gave an oil, 
the infrared spectrum of which indicated that it was aromatic. Further elution with benzene- 
light petroleum (400 c.c.; 1:1) gave 1-2’-hydroxyethyl-10-methyl-2-methylene-trans-decalin 
(750 mg.), b. p. 140° (bath) /0-1 mm., m,,** 1-5140 (Found: C, 80-5; H, 11-5. C,,H,,O requires 
C, 80-7; H, 116%), vmax, 3400, 1640, 890 cm.7}, 

1-2’- Hydroxyethyl-7,7,10-trimethyl-2-methylene - -trans- decalin (XIX).—7,7,10-Trimethyl- 
1-2’-tetrahydropyranyloxyethyl-trans-decal-2-one (1-85-g.) was added to a solution of 
methylenetriphenylphosphorane [from methyltriphenylphosphonium iodide (6 g.)] in tetra- 
hydrofuran (150 c.c.) under nitrogen. The mixture was kept overnight at 20°. Acetone was 
then added and the solvent removed under reduced pressure, to give a residue which was 
partitioned between 50% aqueous methanol (100 c.c.) and light petroleum (250 c.c.). The 
aqueous phase was extracted with light petroleum (2 x 75 c.c.), and the combined light 
petroleum solutions were then worked up to give a residue which was extracted with light 
petroleum (75c.c.). The solution was placed on alumina (150 g.). Elution with light petroleum 
(450 c.c.) gave an oil (1-35 g.), Vmax. 1640, 895 (C=CH,), 1080, 1070, and 1033 cm." (no band at 
1710 cm.)._ This was shaken in methanol (25 c.c.) with 0-3Nn-hydrochloric acid (5 c.c.) for 
16 hr. After addition of water ether-extraction afforded a-product which was adsorbed from 
light petroleum on alumina (100 g.). Elution with light petroleum (300 c.c.) gave an oil 
(520 mg.), the infrared spectrum of which indicated that it contained aromatic material. 
Further elution with benzene-light petroleum (400 c.c.; 1:1) gave 1-2’-hydroxyethyl-7,7,10- 
trimethyl-2-methylene-trans-decalin (530 mg.), b. p. 140—145° (bath)/0-1 mm., m,,% 1-5065 
(Found: C, 81-2; H, 11-8. C,,H,,O requires C, 81-3; H, 11-95%), vax 3400, 1640, and 895 cm.7. 

Ethyl 10-methyl-2-ox0-1-A™-octalylacetate (XX1).—10-Methyl-A®-octal-2-one (33 g.) in 
benzene (150 c.c.) was added to a solution of sodium t-pentyloxide [from sodium (8 g.)] in 
benzene (150 c.c.) under nitrogen. Ethyl bromoacetate (39 g., 1-2 mol.) in ether (150 c.c.) 
was added with stirring during 2 hr. The mixture was then stirred overnight at 20°. Water 
(250 c.c.) was added and the organic phase was separated and combined with an ethereal 
extract of the aqueous layer. After the solvents had been removed, distillation under reduced 
pressure yielded (i) a fore-run (7 g.), b. p. below 120° (bath)/0-2 mm., consisting mainly of 
unchanged 10-methyl-A™)-octal-2-one, and (ii) a fraction, b. p. 120—140°/0-2 mm. Redistil- 
lation of the latter fraction afforded the ester (24 g.), b. p. 126—128°/0-2 mm., m,,** 1-5085 (Found: 
C, 71-75; H, 8-95. C,;H,,O, requires C, 71-97; H, 8-85°%), Amax, 2440 A (e 13,500) Vinax, 1738, 
1665, and 1620 cm.+. The 2,4-dinitrophenylhydvazone was obtained as leaflets, m. p. 128— 
130° (from ethanol) (Found: C, 58-75; H, 5-95. C,,H,,O,N, requires C, 58-6; H, 6-1%), Amz 
3840 A (e 30,000 in CHCI,). 

The ester (7 g.), methanol (75 c.c.), and 2N-aqueous potassium hydroxide solution (50 c.c.) 
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were heated under reflux under nitrogen for 1-5 hr. After acidification the product was isolated 
and characterised as the cyclohexylamine salt, which crystallised from ethyl acetate as needles, 
m. p. 132° (rapid heating) (Found: C, 70-75; H, 9-65. C,H,,O,N requires C, 71-0; H, 9-7%), 
Denax. 2440 A (¢ 12,500). Regeneration of the acid from the salt gave a gum. 

10-Methyl-2-ox0-trans-l-decalylacetic Acid (XXIV).—The acid (XXII) [5-8 g., from the 
cyclohexylamine salt (9-0 g.)] in ether (150 c.c.) was added during 15 min. to a stirred solution 
of lithium (1-5 g.) in liquid ammonia (600 c.c.). After a further 45 min. ethanol was slowly 
added to discharge the blue colour and then the ammonia was evaporated. The residue was 
acidified and the product isolated with ether. The acidic material was separated from a 
small quantity of neutral material (0-5 g.) (possibly lactone) by extraction with potassium 
hydrogen carbonate followed by acidification and ether-extraction. It was methylated with 
diazomethane, and the resulting methyl ester (v,.,.,, 3400w, 1735s, and 1710s; no band at 1665 
cm.~) was oxidised with an 8N-solution of chromic acid in acetone. The resulting keto-ester 
was hydrolysed with methanolic potassium hydroxide, to give the acid (XXIV) which crystal- 
lised from light petroleum—benzene as needles (3-1 g.), m. p. 117—119° (Found: C, 69-95; 
H, 9:05. C,;H,.O, requires C, 69-6; H, 9-0%). The mother-liquors were evaporated and the 
residue was treated with cyclohexylamine in ethyl acetate, to give the cyclohexylamine salt as 
needles, m. p. 128° (rapid heating) (from ethyl acetate) (Found: C, 70-4; H, 10-3. C,H,,O,;N 
requires C, 70-55; H, 10-3%). Decomposition of the salt afforded a further yield of acid (0-7 g.), 
m. p. 117—119°. 

The acid with ethereal diazomethane gave its methyl ester (XXIII), b. p. 104—106°/0-1 mm., 
nm, 1-4915 (Found: C, 70-75; H, 9-5. C,gH,O, requires C, 70-55; H, 93%), Vmax. 1735 
and 1710 cm.*}. 

Methyl 2-Ethylenedioxy-10-methyl-trans- 1-decalylacetate.—The preceding ester (X XIII) (2-4g.), 
ethylene glycol (3-0 c.c.), and toluene-p-sulphonic acid (100 mg.) in benzene (100 c.c.) were 
heated under a Dean and Stark apparatus. The benzene solution was washed with potassium 
hydrogen carbonate solution, and the solvent was then evaporated, to give the ketal (2-6 g.), 
b. p. 106—108°/0-1 mm., »,,** 1-4945 (Found: C, 68-3; H, 9-45. C,,H,,O, requires C, 68-05; H, 
93%), Vinax. 1110, 1060, 1040, and 1020 cm. (no band at 1710 cm.*). 

2-Ethylenedioxy-1-2'-hydroxyethyl-10-methyl-trans-decalin (XXV).—The ketal ester last 
mentioned (2-0 g.) and lithium aluminium hydride (250 mg.) in ether (75 c.c.) were heated under 
reflux for 3 hr. The excess of hydride was decomposed with ethyl acetate and then water, and 
the product was isolated with ether. Crystallisation from light petroleum (b. p. 40—60°) gave 
2-ethylenedioxy-1-2'-hydroxyethyl-10-methyl-trans-decalin as needles (1-6 g.), m. p. 70—71° 
(Found: C, 70-55; H, 10-1. C,;H,,O, requires C, 70-85; H, 10-3%), vmax (melt) 3400, 1100, 
1070, and 1050 cm.*! (no band at 1738 cm.*4). 

Hydrolysis of the Ketal (XXV).—The ketal (800 mg.), methanol (20 c.c.), and 5n-hydro- 
chloric acid (6 c.c.) were heated under reflux for 1 hr. Water was added and the product 
(Vmax. 3450, 1095, 1065, 1025 cm.; no band at 1710 cm."}) isolated with ether. The total 
product was adsorbed from light petroleum on alumina (80 g.). Elution with light petroleum-— 
benzene (2: 1) gave a gum which crystallised. Recrystallisation from a small volume of light 
petroleum gave prisms, m. p. 88—110°, a mixture of the hemiketals (X XVI) and (XXVII) 
(Found: C, 74-45; H, 10-45. Calc. for C,,H,,O,: C, 74:25; H, 10-55%), vax 3450, 1095, and 
1065 cm.". Further elution with benzene-light petroleum afforded a similar mixture which 
crystallised from a small volume of light petroleum (b. p. 40—60°) as needles, m. p. 90—114° 
(Found: C, 74:5; H, 10-7%), vmax. 3450, 1095, and 1065 cm." (no band at 1710 cm.~}). 

Hydrolysis of 10-Methyl-1-2'-tetvahydropyranyloxyethyl-trans-decal-2-one (XIV).—The tetra- 
hydropyranyl ether (270 mg.) was kept overnight at 20° in methanol (10 c.c.) containing 10Nn- 
hydrochloric acid (0-15 c.c.);. after dilution with water, ether-extraction afforded a product 
which crysiallised from a small volume of light petroleum (b. p. 40—60°) as a mixture of needles 
and prisms (110 mg.), m. p. 88—114° (Found: C, 74-35; H, 10-25%), vmax, 3450 and 1095 cm."4, 
No band at 1710 cm.*. 

Reaction of the Acid (XXIV) with Methylmagnesium Iodide.—The keto-acid (3-0 g.) in 
dioxan (50 c.c.) was added to a solution of methylmagnesium iodide [from magnesium (3-0 g.) 
and methyl iodide (10 c.c.)] in ether (100 c.c.), and the mixture was heated under reflux for 4 hr. 
Solid ammonium chloride was then added, followed by dilute hydrochloric acid. The crude 
product was isolated with ether and the acidic fraction separated from the neutral fraction by 
extraction with potassium hydrogen carbonate solution. Crystallisation of the neutra: fraction 
TU 
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from light petroleum gave the lactone of 2a-hydroxy-28,106-dimethyl-trans-la-decalylacetic acid 
lactone (X XIX) as leaflets (1-54 g.), m. p. 98—99° (Found: C, 75-85; H, 9-89. C,,H,,0, 
requires C, 75-65; H, 9-95%), Vmax, (Nujol) 1765 cm.*. 

Crystallisation of the acidic fraction from benzene gave 26-hydvoxy-2«,108-dimethyl-trans- 
la-decalylacetic acid (XXXII) as needles (540 mg.), m. p. 155—157° (softening at ~150° 
(Found: C, 69-8; H, 9-7. C,H,,O, requires C, 69-95; H, 10-05%). Methylation of the acid 
with ethereal diazomethane gave the methyl ester as a viscous oil, ™,*° 1-4970 (Found: C, 
70-65; H, 10-15. C,,H,,O, requires C, 70-85; H, 10-3%), vmax. 3400 and 1738 cm.™ (no band 
at 1710 cm.*). 

la-2’-Hydroxyethyl-28,108-dimethyl-trans-decal-2a-ol (XXX).—A cooled solution of the 
lactone (XXIX) (1200 mg.) in ether (60 c.c.) was treated with lithium aluminium hydride 
(350 mg.), and then the mixture was heated under reflux for 1 hr. After decomposition of the 
excess of reagent with ethyl acetate and dilute sulphuric acid the product was isolated with 
ether and crystallised from benzene-light petroleum to give la-2’-hydroxyethyl-28,108-dimethyl- 
trans-decal-2a-ol (1030 mg.) as prisms, m. p. 116—118° (Found: C, 74-5; H, 11-3. C,,H,,0, 
requires C, 74-3; H, 11-6%). 

la-2’-Hydroxyethyl-2a,108-dimethyl-trans-decal-28-ol (XXXIII).—The ester (450 mg.) of 
the acid (XXXII) was treated with lithium aluminium hydride as described above; the 
resulting 1a-2’-hydroxyethyl-2a,108-dimethyl-trans-decal-28-ol crystallised from benzene-light 
petroleum as needles (350 mg.), m. p. 141° (softening at ~133°) (Found: C, 74-0; H, 11-4, 
C,,H,,0, requires C, 74-3; H, 11-6%). 

Reaction of 1«-2’-Hydroxyethyl-28,108-dimethyl-trans-decal-2a-ol with Phosphoryl Chloride — 
The diol (500 mg.) in pyridine (10 c.c.) was treated at 0° with phosphoryl chloride (1-0 c.c.) and 
kept overnight at 20°. Ice was added and the product was isolated with ether and adsorbed 
from light petroleum on alumina (50 g.). Elution with light petroleum (150 c.c.) afforded 
perhydvo-2,10-dimethylnaphtho(2’,1’-2,3)furan (XXXI) (420 mg.), b. p. 105—110° (bath)/0-2 
mm., #,"° 1-5010 (Found: C, 81-1; H, 11-4. C,,H,,O requires C, 80-7; H, 11-6%), vmax 1040s 
and 1070m cm.. 

1-2’-Bromoethyl-10-methyl-2-methylene-trans-decalin (III).—A cooled solution of 1ca-2’- 
hydroxyethyl-2«, 108-dimethyl-tvans-decal-28-ol (350 mg.) in pyridine (8 c.c.) was treated with 
phosphoryl bromide (1-2 g.) and was kept overnight at 20°. Ice was added and the product 
was isolated with ether and adsorbed from light petroleum on alumina (35 g.). Elution with 
light petroleum (100 c.c.) afforded 1-2’-bromoethyl-10-methyl-2-methylene-trans-decalin (290 mg.), 
b. p. 110—115° (bath)/0-1 mm., »,” 15305 (Found: C, 61-95; H, 8-5. (C,,H,,Br requires 
C, 62-0; H, 8-55%), vmax, 3085w, 1645, and 895 cm.}. 

108-Methyl-2-methylene-trans-la-decalylacetic Acid (cf. XXXIV).—A cooled solution of 
the ester (400 mg.) of the hydroxy-acid (XXX1I) in pyridine (5 c.c.) was treated with phosphoryl 
chloride (1 c.c.) and kept at 20° overnight. Ice was added and the product was isolated with 
ether and adsorbed from light petroleum on alumina (40 g.). Elution with light petroleum 
(150 c.c.) gave the ester (XXXIV) (350 mg.), b. p. 130—135° (bath) /0-1 mm., »,° 1-4975 (Found: 
C, 76-25; H, 10-05. C,,H,,O, requires C, 76-25; H, 10-25%), vax, 1738, 1640, 890 cm.*. 

Hydrolysis afforded the acid, which was characterised as its cyclohexylamine salt, needles 
(from ethyl acetate), m. p. 138° (rapid heating) (Found: C, 74:9; H, 10-95. C, H;,NO, 
requires C, 74:7; H, 10-95%). Regeneration of the acid from the salt gave needles [from 
light petroleum (b. p. 40—60°)], m. p. 97—99° (Found: C, 75-55; H, 10-15. C,H,,O, requires 
C, 75-65; H, 9-95%). 

Reaction of 7,7,10-Trimethyl-A™)-octal-2-one with Ethyl Bromoacetate—(a) The octalone 
(5-8 g.) was added to a solution of potassium (3-0 g.) in t-butyl alcohol (100 c.c.) under nitrogen. 
The solution was heated under reflux and ethyl bromoacetate (14-0 g.) in t-butyl alcohol (50 c.c.) 
was added during lhr. After a further 2 hours’ heating the solvent was removed under reduced 
pressure, water was added, and the product isolated with ether. 

The crude product was hydrolysed under nitrogen with 2N-methanolic potassium hydroxide, 
and the acidic fraction separated from the neutral fraction. The latter was distilled under 
reduced pressure to give oily starting material (1-8 g.). The acidic fraction was methylated 
with ethereal diazomethane and adsorbed from light petroleum on alumina (300 g.). Elution 
with 1:2 benzene-light petroleum (1200 c.c.) afforded methyl 17,7,10-trimethyl-2-ox0-1-A™- 
octalylacetate (KXXV) (1-2 g.), b. p. 145—150° (bath) /0-1 mm., »,** 1-5055 (Found: C, 72:8; 
H, 9-25. C,,H,,O, requires C, 72-7; H, 9-15%), Amex, 2440 A (e 12,600), vmx, 1738, 1665, 
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and 1620cm.1. The 2,4-dinitrophenylhydvrazone was obtained as needles, m. p. 168—170° (fom 
ethanol) (Found: C, 59-75; H, 6-55. C,.,H.,.N,O, requires C, 59-45; H, 6-35%). 

The ester was hydrolysed under nitrogen with 2N-methanolic potassium hydroxide, and the 
resulting acid was characterised as, and purified through, its cyclohexylamine salt, needles, 
m. p. 138° (rapid heating) (from ethyl acetate) (Found: C, 71-9; H, 10-25. C,,H,;NO, requires 
C, 72:15; H, 10-1%). Regeneration of the acid from the salt gave only a gum. 

(b) The octalone (0-96 g.) was added to a solution of sodium t-pentyl oxide [from sodium 
(0-23 g.)] in toluene (25 c.c.) under nitrogen. Ethyl bromoacetate (1-67 g.) was added, and 
the mixture was heated under reflux for 14 hr. Working up as in (a) gave an acidic fraction 
which was methylated with diazomethane. Chromatography on alumina gave the octahydro- 
naphthylacetate (120 mg.), characterised as its 2,4-dinitrophenylhydrazone, m. p. and mixed 
m. p. 167—169°. 

7:1,108-Trimethyl-2-ox0-trans-la-decalylacetic Acid (IV).—A solution of the acid derived 
from (XX XV) (from 2-0 g. of the cyclohexylamine salt) in dioxan (45 c.c.) was added during 
15 min. to a stirred solution of lithium (0-5 g.) in ammonia (200 c.c.). The mixture was stirred 
for a further 45 min., then the lithium complex was decomposed with ammonium chloride 
and the ammonia evaporated. The residue was acidified with dilute sulphuric acid, the product 
isolated with ether, and the acidic fraction separated from a small amount of lactone by extrac- 
tion with potassium hydrogen carbonate solution. The acidic fraction was treated with 
ethereal diazomethane and then an 8n-solution of chromic acid in acetone,® and the resulting 
keto-ester was adsorbed from light petroleum on alumina (100 g.). Elution with 1 : 3 benzene- 
light petroleum (500 c.c.) gave a decahydro-ester (850 mg.), vmax, 1738 and 1710 cm. (no bands 
at 3400 or 1665 cm.“') whose 2,4-dinitrophenylhydrazone was obtained as needles (from ethanol- 
benzene), m. p. 187—189° (Found: .C, 59-35; H, 6-7. C,,.H3)N,O, requires C, 59-2; H, 6-65%). 

Hydrolysis of this ester gave the acid (IV) as needles (from light petroleum), m. p. 92—94° 
(Found: C, 71-05; H, 9-5. C,,;H,,O, requires C, 71-4; H, 9-6%). 

Reaction of the Acid (IV) with Methylmagnesium Iodide.—The acid (IV) (1-0 g.) in dioxan 
(25 c.c.) was added to a solution of methylmagnesium iodide [from magnesium (1-0 g.)] in ether 
(25 c.c.) and heated under reflux for 4 hr. Solid ammonium chloride was added, followed by 
dilute sulphuric acid. The product was isolated with ether, and the acidic fraction separated 
from the neutral fraction with potassium hydrogen carbonate solution. Crystallisation of the 
neutral fraction from light petroleum (b. p. 40—60°) gave 2a-hydroxy-28,7,7,108-tetramethyl- 
trans-la-decalylacetic acid lactone (KXXVI) as needles (600 mg.), m. p. 99—100° (Found: C, 
77-05; H, 10-45. C,,H,,O, requires C, 76-75; H, 10-45%), vax, 1765 cm.1. 

la-2’-Hydroxyethyl-28,7,7,108-tetrvamethyl-trans-decal-2a-ol (XII).—The lactone (XXXVI) 
(408 mg.) in ether (40 c.c.) was treated at 0° with lithium aluminium hydride (100 mg.) and 
heated under reflux for 1 hr. The excess of hydride was destroyed with ethyl acetate and then 
dilute sulphuric acid, and the product was isolated with ether. Crystallisation from light 
petroleum gave the diol (XII) as prisms (310 mg.), m. p. and mixed m. p. 116—118°. 

Reaction of 7,7,10-Trimethyl-A®)-octal-2-one with Allyl Bromide.—The octalone (0-96 g.) was 
added to a solution of potassium (0-39 g.) in t-butyl alcohol (30 c.c.) under nitrogen. Allyl 
bromide (1-2 g.) in t-butyl alcohol (5 c.c.) was added and the mixture heated under reflux for 
2hr. The solvent was removed under reduced pressure, water was added to the residue; the 
product, isolated with ether, had no absorption above 2300 A. The product was adsorbed 
from light petroleum on alumina (65 g.). Elution with light petroleum (200 c.c.) gave 1,1-di- 
allyl-7,7,10-trimethyl-A®-octal-2-one (XX XVII) (1-20 g.), b. p. 125—130° (bath)/0-1 mm., m,* 
15050 (Found: C, 83-45; H, 10-2. C,,H,,O requires C, 83-75; H, 10-35%), vmax, 1710, 3080, 
1625, and 910 cm.-!. The semicarbazone was obtained as needles (from methanol), m. p. 
185—187° (Found: C, 72-75; H, 9-5. CygH;,N,O requires C, 72-9; H, 9-5%). 


The authors thank Dr. A. Eschenmoser for details of his method of preparing 7,7,10-trimethyl- 
A+®)-octal-2-one, and Professor E. R. H. Jones for his interest. One of them (M. M.) is indebted 
to the Royal Commissioners for the Exhibition of 1851 for the award of an Overseas Scholarship. 
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958. Solvolysis and Rearrangement of n-Propyl Bromide under the 
Influence of Mercury Salts in Slightly Aqueous Formic Acid. 
By J. S. Coz and V. GoLp. 


The solvolysis of n-propyl bromide catalysed by mercury salts in 90% 
formic acid at 25° is a fast reaction with complicated kinetics. The products 
of reaction include isopropyl derivatives and these are formed in constant 
proportion with a variety of catalyst concentrations. Direct rearrangement 
of a carbonium-ion intermediate with intramolecular hydrogen shift is 
discussed as a probable mechanism for the formation of rearranged products. 
An alternative possibility, involving the formation of propene and its 
subsequent hydration, is excluded by the experimental evidence. 


THE formation of rearranged products is a feature of many reactions in which carbonium 
ions are formed. Most of the examples +? involving alkyl halides refer to non-solvolytic 
conditions, a notable exception being neopentyl bromide * which yields mainly tertiary 
pentyl derivatives as its substitution products (in addition to olefin).3* 

The present work was directed towards the problem whether a rearrangement involving 
only hydride transfer can be realised during the solvolysis of a primary alkyl halide in 
conditions favourable to the intermediate generation of carbonium ions. The compound 
chosen was an n-propyl halide, since this is the simplest system in which the occurrence 
of rearrangement can be observed without recourse to isotopic tracer methods. It is 
known that under the influence of Friedel-Crafts catalysts n-propyl derivatives rearrange 
to compounds of the isopropyl group. This rearrangement is in the expected direction, 
since secondary carbonium ions are more stable than primary ones. The medium employed 
for our solvolysis experiments was formic acid containing 10% of water and mercury salts, 
prepared by dissolving pure mercuric oxide in 90% formic acid. These conditions were 
suggested by (i) the studies of earlier workers ® who had shown that the uncatalysed 
solvolyses of primary halides may proceed, at least in part, by a carbonium-ion mechanism 


TABLE 1. Catalysed solvolysis of n-propyl bromide. 


1 of Product composition 

dt initial 10°k,* Reaction t Pr'OH (%) 

Expt. 10°[Pr°Br], 10°[HgO], (molel.-1sec.-") (1. mole sec.-) (%) in product 
1 80-0 128 27 2-5 73-2 13-7 
50-7 12-5 
2 80-0 80-0 17°, 2-7 68-8 12-3 
45-0 13-6 
3 80-0 40-0 8 2-5 48-7 12-8 
33-1 13-7 
4 40-0 39-0 4 2°, 51-3 12-2 
Mean 13-0 


* ky = (d[Br~}/dé)snteis/[HgO)9[n-PrBr],. . 
+ This value in this column indicates the stage of the reaction (expressed as 100[Br~]/[Pr°Br],) 
to which the sample for measuring product composition refers. 


in slightly aqueous formic acid, and (ii) two sets of investigations *? on the solvolyses of 
alkyl halides in the presence of mercury salts from which it was concluded that these salts 


1 McMahon and Hine, J. Amer. Chem. Soc., 1949, 71, 1896; J. D. Roberts, McMahon, and Hine, 
J. Amer. Chem. Soc., 1950, 72, 4237; Sixma and Hendriks, Rec. Trav. chim., 1956, 75, 169; R. M. 
Roberts and Panayides, J. Org. Chem., 1958, 23, 1080. 

* Baddeley, Quart. Rev., 1954, 8, 355. 

% Whitmore and Fleming, ]. Amer. Chem. Soc., 1933, 55, 4161. 

* Whitmore, Wittle, and Popkin, J]. Amer. Chem. Soc., 1939, 61, 1586; Dostrovsky and Hughes, 
J.» 1946, 166. 

5 Bateman and Hughes, J., 1940, 945; Bateman, Church, Hughes, Ingold, and Taher, /., 1940 
979; Dostrovsky and Hughes, J., 1946, 171. 

* Benfey, J. Amer. Chem. Soc., 1948, 70, 2165 

7 Oae and VanderWerf, J. Amer. Chem. Soc., 1953, 75, 5037. 
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further favour the ionisation of alkyl halides. The results of our experiments are given 
in Table 1. 
The precise nature of the catalyst is not known, owing to the probable importance of 
equilibria such as: 
Hg*+ + H*CO-O- =e [H-CO-OHg]+ 
[H*CO-OHg]* 4+- H*CO*O- =e (H-CO-O) Hg 


However, it is to be expected that the general effect of mercuric species would be an 
electrophilic catalysis of halide removal, according to a scheme similar in principle to the 
reactions: 
Pr®Br -+- Hg?t ——p> n-Pr8*+... Brd- .. . Hg? ——p n-Prt 4- HgBrt 
HgBrt + H*CO*O- =e [H*CO-OHg]*+ + Br- 


The values of k, in the Table represent the rate constants calculated from initial rates on 
the assumption that the catalytic activity of the medium in each case is proportional to 
the stoicheiometric concentration of mercuric oxide. 

During the reaction, some reduction of mercuric to mercurous derivatives takes place and, 
in addition, difficulties arise in measuring accurately the gradients of reaction curves. 
The values given for k, must therefore by taken as representing only the order of magnitude 
of the initial rate constant. 

The most significant result is that isopropyl derivatives are found in the reaction 
products. These isopropyl compounds might be formed by direct rearrangement of the 
n-propyl cation, followed by reaction with water or formic acid molecules. Alternatively, 
as olefin formation frequently accompanies substitution in solvolytic reactions, isopropyl 
derivatives could arise from the addition of water or formic acid to propene. The latter 
possibility is excluded in the present case by the following two results. 

(1) When propene is dissolved in 90% formic acid the gas may be removed by bubbling 
air through the solution, and the propene carried over may be estimated by absorption 
in a solution of bromine in acetic acid. With a mixture of 90% formic acid and mercuric 
oxide as solvent (the conditions of the solvolysis experiments), propene is not removed 
by bubbling air through the mixture, but the product of interaction of propene and the 
mercury solution is not isopropyl alcohol or formate. This was shown by subjecting a 
solution of propene in 90% formic acid containing mercuric oxide to the analytical 
procedure used in the estimation of isopropyl derivatives in the solvolysis experiments. 
Many examples are known ® of interactions (to form addition complexes) between olefins 
and mercury salts in solution, and it seems likely that any propene formed during the 
catalysed solvolysis of n-propyl bromide might be trapped in this way. 

(2) When the solvolysis of n-propyl bromide is carried out in a tritiated medium (under 
conditions as for the experiments reported) the product alcohol contains no C-T bonds. 
It is to be expected that at least one C-T bond per molecule would be found if the isopropyl 
derivatives had been formed through propene as an intermediate. This result also shows 
that intermediates formed in the solvolysis reaction do not undergo hydrogen exchange 
with the medium. A similar conclusion was reached by Cannell and Taft® in their 
investigation of the deamination of isobutylamine in deuterated aqueous perchloric acid. 

The two lines of evidence outlined show conclusively that the formation of propene 
and subsequent solvent-addition to propene cannot account for the formation of isopropyl 
derivatives in the catalysed solvolysis, and that the rearrangement must involve an intra- 
molecular hydrogen shift. 

It seems reasonable to suppose that the rearrangement occurs at the carbonium-ion 
stage for, in the absence of mercuric salts (when the reaction is much slower and the 


® Chatt, Chem. Rev., 1951, 48, 7. 
* Cannell and Taft, J. Amer, Chem, Soc., 1956, 78, 5812, 
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proportion of the unimolecular mechanism is likely to be considerably reduced), the 
extent of rearrangement is much smaller.!® 
Stripped of details such as ion association and solvation, the reaction could then be 


represented by the scheme: 
H 


2 BS eck! 
CHy*CHe*CH, Br ++ He*+ ——t> CH,°CH°CH, —— Pr®8OH 


a 
3 |. Olefin—-mercuric complex 
6 
H “A 


+ 4 
CHy*CH*CH, —> PriOH 


The absence of hydrogen exchange during the reaction accords with the conclusion reached 
previously ™ that, in the absence of a reaction via an olefin, carbonium ions do not undergo 
exchange with an acidic solvent. 

A notable feature of the results in the Table is the constancy of the proportion of 
isopropyl derivatives formed in reactions of varying rates and with varying catalyst 
concentrations. It is conceivable that this constancy might be due to a constant ratio 
for the two paths (2 and 3) by which the intermediate ion can be destroyed, and negligible 
reversal (—3) of the isomerisation step. This hypothesis is not untenable but seems 
fairly unlikely when it is remembered that the addition of mercuric oxide is expected to 
alter the formate concentration and hence increase the nucleophilic activity of the solution. 
One would therefore expect to find the proportion of rearrangement (reaction 3) to decrease 
relatively to the nucleophilic attack in the n-propyl cation (2) as the concentration of 
mercuric salt in the system is raised. Alternatively, the figure of 13% might represent 
the proportion of isopropyl cations at equilibrium (7.e., 100k,/k_,), and therefore be 
constant, as long as the rate of solvent attack is low relative to the rate of rearrangement. 
On this basis the value 13% for the proportion of isopropyl derivatives in the reaction 
products would appear to be low in view of the expected relative stabilities of the n-propyl 
and isopropyl cations. However, proton elimination may be an important reaction of 
these ions (cf. deamination of n-propylamine 1%), competing with direct substitution. 
Benfey ® has given evidence for the formation of olefin (ca. 63° of reaction products) in the 
solvolysis of isobutyl bromide in 70% aqueous dioxan with mercuric nitrate as catalyst. 
Smaller amounts of olefin were formed in the solvolysis of isopropyl bromide but the 
evidence was against olefin formation in the corresponding reaction of n-propyl bromide. 
We are unable to say how much elimination occurs under the conditions of our reactions, 
but it is possible that the isopropyl derivatives may constitute more than 13% of the total 
substitution products, and accordingly we defer the further consideration of this problem. 


EXPERIMENTAL 


Materials.—n-Propyl bromide (Hopkin and Williams) (containing small quantities of 
propan-l-ol and isopropyl bromide) was washed with sodium hydrogen carbonate solution and 
with water, dried (CaCl,; P,O,) and fractionated; }* it then had b. p. 71-5—71-6°/771 mm. 
The purified sample was shown by vapour-phase chromatography to be free from impurities. 
Propan-2-ol (‘‘ AnalaR ’’ material) was refluxed with magnesium turnings and iodine and 
distilled, then having b. p. 82-2—82-4°/761 mm. Isopropyl formate, prepared by Vogel’s 
method,™ had b. p. 66-5—67-5°/747 mm. Formic acid was purified as described previously." 


1© Coe and Gold, unpublished work. 

11 Coe and Gold, J., 1960, 4185. 

18 Meyer and Forster, Ber., 1876, 9, 535; Whitmore and Thorpe, J. Amer. Chem. Soc., 1941, 68, 
1118; J. D. Roberts and Halmann, ibid., 1953, 75, 5759; Huisgen and Riichardt, Annalen, 1956, 601, 1. 
13 Cowley and Partington, J., 1938, 977. 

4 Vogel, J., 1948, 624. 
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Mercuric oxide was prepared by Kolthoff and Stenger’s method. Analysis of the sample by 
titration of its solution in nitric acid with ammonium thiocyanate gave the percentage purity 
as 100-8% HgO. The propene used was gas (propene 60%, propane 40%) from a cylinder 
kindly supplied by Petrochemicals Ltd. Analysis by bromine addition showed it to contain 
585% of unsaturated constituents (calculated as propene). 

Kinetic Measurements.—Stock solutions of n-propyl bromide and of mercuric oxide in 90% 
formic acid were prepared and brought to 25°. Reaction mixtures were made from 2 ml. of 
each freshly prepared stock solution. After various times at 25°, the contents of reaction 
vessels were washed into cooled flasks. A slight excess of 40% sodium hydroxide solution was 
then added to precipitate mercury compounds, and the mixture cooled and filtered after 
addition of activated charcoal. The presence of the latter prevented finely divided oxides of 
mercury from passing through the filter. The filtrate was then analysed for bromide ion by 
Volhard’s method. In some cases this filtrate was also used for estimation of isopropyl] 
derivatives and for radioactivity measurements (see below). The procedure for bromide 
analysis was tested by comparing the results of direct titration of a hydrobromic acid solution 
with those obtained by first mixing this acid with a solution of mercuric oxide in 90% formic 
acid. The method was thus shown to be accurate to about +5%. In the later stages of the 
solvolysis reaction a pale yellow precipitate separated and qualitative tests showed that this 
was probably mercurous bromide. It was established that bromide ion could be liberated 
quantitatively from mercurous bromide by the treatment with 40% sodium hydroxide solution 
described above, and also that unchanged n-propyl bromide did not interfere. The evaluation 
of the initial rate is illustrated by the data in Table 2. 


TABLE 2. Specimen results for evaluation of initial rate (Expt. 1). 


Time, ¢ (sec.)... 0 600 1200 1800 2700 3660 4800 6600 8400 10,800 

10%Br-] ...... 0 140 28 306 432 471 51:5 585 605 67-5 

10%Br-]/t ...... — 223 2206 170 «+160 #129 #117 8-9 72 6-3 
Extrapolated 10°(d[Br-]/df)aitua = 27. 


Estimation of Isopropyl Derivatives.—The method used was a modification of that described 
by Neish,!* involving the oxidation of propan-2-ol (or isopropyl formate) to acetone by chromic 
acid and estimation of the acetone spectrophotometrically. For calibration, standard solutions 
of propan-2-ol and isopropyl formate were added to 10 ml. portions of oxidation mixture 
(45 g. of Na,Cr,0,,2H,O in 500 ml. of approx. 50% sulphuric acid) contained in 100 ml. conical 
flasks. The total volume in each flask was made up to 20—25 ml. with water, and the flasks 
were attached to condensers mounted vertically, with delivery tubes under the surface of 20 ml. 
quantities of 40% aqueous sodium hydroxide contained in 50 ml. volumetric flasks. After 
1 hr. at room temperature the flasks were heated, about 15 ml. of distillate collected, and the 
volumetric flasks stoppered; 10 ml. of 10% salicylaldehyde solution in ethyl alcohol were added 
to each flask in turn (at 10-min. intervals), and the volumes made up to 50 ml. with water. 
Each flask was heated at 50° + 0-2° for 20 min. and stored at room temperature for 30 min. 
Optical densities were measured at 530 my against a “‘ blank” (prepared as above with water 
in place of distillate), a Beckman DU spectrophotometer being used. The concentration 
of propan-2-ol or isopropyl formate was found to be proportional to the optical density at least 
up to a concentration of ca. 2-5 mg./l. of isopropanol in the solution used for optical density 
measurement. 

No interference from n-propyl bromide was found in this method, and corrections were 
made when necessary for slight interference by propan-l-ol and propene. Bromide (or chloride) 
ion caused interference if present during the oxidation stage of the procedure. It was found, 
however, that propan-2-ol could be distilled quantitatively from an alkaline solution even in 
the presence of bromide or chloride, giving a distillate suitable for analysis. Samples for the 
estimation of propan-2-ol in reaction mixtures were obtained by distilling part of the filtrate 
used for bromide-ion analysis (see above). The accuracy and reproducibility of the distillation 
procedure are illustrated in Table 3. 

Propene Analysis——Propene was estimated by bubbling air through its solution and 


18 Kolthoff and Stenger, ‘‘ Volumetric Analysis,” Vol. II, Interscience, Publ. Inc., New York, 1947. 
%* Neish, Nat. Res. Council Canada Report 46-8-3, 1952. 
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absorbing the gas in a standard solution of bromine in glacial acetic acid. The results from 
this method (when used with standard solutions prepared from the cylinder sample) agreeg 
with those obtained by using known volumes of dry gas in the same apparatus. Neither 
hydrogen bromide nor formic acid caused interference. 


TABLE 3. Calibration experiments for estimation of propan-2-ol in formic acid 
(distillation method). 


(The results below were obtained by using six different standard solutions of propan-2-o].) 


Wt. of propan- Wt. of propan- 
2-of (9) Measured Standard 2-ol (y) Measured Standard 
Taken Calc.* optical density solutiont Taken Calc.* optical density _ solution + 
58 58 0-028 A 21-7 21-1 0-106 B 
73 Tt 0-036 B 23-3 23-6 0-115 A 
93 10-1 (av.) 0-046, 0-052 C,E 28-7 27-9 (av.) 0-132, 0-135, 0-140 C,D,E 
11:7 12-1 0-059 A 29-1 29-8 (av.) 0-145, 0-143 B, F 
145 15-8 (av.) 0-077, 0-072 B, F 37-0 35-9 (av.) 0-168, 0-175, 0-183 C,D,E 
17-5 16-9 0-082 A 43-6 44-1 0-215 F 
18-5 18-4 (av.) 0-087, 0-090, 0-093 C,D,E 58-2 543 0-265 F 


* Calc. from the calibration relation: Wt. of propan-2-ol = 205 x optical density. 
¢ Solution F contained additional n-propyl bromide. 


Reaction of Propene with 90% Formic Acid containing Mercuric Oxide.—Two stock solutions 
were prepared: (a) propene in 90% formic acid, and (b) mercuric oxide (0-136m) and hydrogen 
bromide (0-025m) in 90% formic acid. Samples of (a) and also mixtures of equal amounts of 
(a) and (b) were sealed in glass tubes. After fixed periods the contents of the tubes were 
analysed for propene (with use of a device to ensure that propene could not escape on breaking 
the tubes) or for propan-2-ol (by the method used in the kinetic experiments). 

Radioactivity Measurements.—Part of the filtrate used for the estimation of bromide ion 
and propan-2-ol was diluted with propan-2-ol and treated with 40% aqueous sodium hydroxide 
as described previously in the case of t-butyl alcohol. - The counting procedure was also as 
previously described." 


Kinc’s CoLLeGE, STRAND, Lonpon, W.C.2. [Received, May 19th, 1960.] 





959. Complexes of Tervalent Cobalt with N-Substituted 
Salicylideneimines. 


By B. O. WEstT. 


The preparation of cobalt(111) complexes with seven N-substituted 
salicylideneimines is reported. The complexes have the general formula 
Co(O-C,H,-CH:NR), and are crystalline compounds soluble in organic 
solvents. Geometric isomers may exist for such compounds but a separation 
has not been achieved. A preference for the trans-form is indicated on 
steric grounds. The C:N link is more resistant to acid hydrolysis when the 
Schiff’s base is combined with a cobalt ion, cobalt(11) being more effective 
than cobalt(11). 


ScuiFr’s bases derived from salicylaldehyde and primary amines react with bivalent metal 
ions to form complexes M(O-C,H,°CH:NR),. Such compounds have been isolated for 
nickel, copper, and cobalt, and the magnetic properties,“ absorption spectra,® and 
dipole moments * of a number of such complexes have been studied. The only complex 
1 Hunter and Marriott, J., 1937, 2000. 

2 Verter and Frost, J. Amer. Chem. Soc., 1960, 82, 85. 

3 West, Nature, 1954, 178, 1187; J., 1952, 3115. 

* Clark and Odell, J., 1955, 3431. 

5 Sacconi, Paoletti, and Re, J. Amer. Chem. Soc., 1957, '79, 4062. 

* Sacconi, Ciampolini, Maggio, and Re, J. Amer. Chem. Soc., 1960, 82, 815. 
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jously known between a tervalent metal ion and such ligands was tris(salicylidene- 
jmino)iron(II1) prepared by Klemm and Raddatz.’ 

Cobalt(111) complexes (I) may be easily prepared by the oxidation of a cobalt(t) 
complex in the presence of excess of Schiff’s base with hydrogen peroxide in aqueous 
ethanol. The complexes are highly crystalline and generally appear black in reflected 
light but when crushed are brown-yellow or yellow-green. Their solutions in organic 
solvents vary from yellow-brown when R is an aryl substituent to yellow-green when 


(N rN 
Or 0 N 1@} Oo 
WN5 
CH:N. 
R Ov_j_N 1 N 
ie) N 
cis 


° 
(I) 
trans 
II) 


( 
(R = Et, cyclohexyl, CH,Ph, Ph, p-CgHyMe, p-CgHyrOMe, p-CgH,Cl) 


R is alkyl or cyclohexyl. These colours are in marked contrast to the yellow-orange of 
solutions of cobalt(I1) complexes with similar ligands. Slow oxidation of cobalt(1) 
complexes is shown by the visible colour change when solutions are exposed to the air 
for several days. The organic peroxides formed in various organic solvents as impurities 
will also cause oxidation of cobalt(II) complexes with salicylideneimines, and the rapid 
colour change can be used as a simple test for the presence of such impurities. The 
compounds are diamagnetic as is expected for spin-paired cobalt(111) complexes. 

Isomerism.—The presence of two different kinds of co-ordinating atom on each ligand, 
viz., oxygen and nitrogen, allows the existence of structural isomers for the cobalt(11) 
complexes with the configurations shown in (II). Attempts to isolate the two forms of any 
of the complexes prepared have failed. Molecular models [Stuart and Briegleb components 
(Leybolds Nachfolger)] suggest that a molecule bearing the cis-configuration would be 
under very great steric strain because of the nearness of the nitrogen atoms. So much 
congestion arises between neighbouring alkyl or aryl substituents that models having the 
cis-configuration could not be assembled. Models of the ¢vans-form still show considerable, 
but much less, strain, and it is tentatively concluded that the complexes are isolated mainly 
in the trans-form. Most of the cobalt(111) complexes prepared show some tendency to be 
reduced to the 4-co-ordinate cobalt(m) state when solutions containing these complexes 
are refluxed or evaporated, and this would support the concept of steric strain in the 
6-co-ordinate cobalt(111) form since reduction would lead to a great decrease of strain in 
the cobalt(11) complex that would be formed. Ley and Winkler ® isolated two geometrical 
isomers of tris(glycino)cobalt(11) which would also have the cis—trans-configurations of (II), 
and the absolute configuration of each separated isomer has been suggested on the basis 
of spectral data.® 

There is also the possibility of positional isomerism among salicylideneimine complexes 
containing aryl substituents attached to the nitrogen atom, depending upon whether the 
substituents are in the ortho-, meta-, or para-position. Thus three possible forms of tris- 
(salicylidenetoluidinato)cobalt(m1) could exist depending on the position of the methyl 
group, and with two possible structural isomers for each form a total of six isomers could 
exist, Such “ constitutional isomers ” as they may be termed have been isolated for the 
bivalent complexes of nickel,! copper,* and cobalt(11),? but all attempts to isolate cobalt(111) 
complexes bearing ortho- or meta-substituents have so far been unsuccessful: the reaction 
products obtained are dark tars or amorphous solids of indefinite composition. A similar 


? Klemm and Raddatz, Z. anorg. Chem., 1942, 250, 207. 
® Ley and Winkler, Ber., 1909, 42, 3894. 
* Basolo, Ballhausen, and Bjerrum, Acta Chem. Scand., 1955, 9, 810. 
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difficulty has been reported in the preparation of cobalt(11) complexes with salicylidene. 
arylimines bearing substituents in the aryl ring ortho to the imino-nitrogen: * compounds 
can be readily prepared from bases containing meta- or para-substituents, and complexes 
of copper or nickel can be prepared with all three kinds of substituent present. In order 
to explain this behaviour it has been suggested that cobalt(11) complexes of this kind 
prefer a tetrahedral arrangement of ligands, and ortho-substituents in the arylimine ring 
system, for steric reasons, prevent the most stable configuration from being adopted, so 
that crystalline products cannot be isolated.41® Nickel and copper complexes exist 
preferentially in a planar configuration and such compounds show a greatly reduced steric 
hindrance to chelation. The development of brown-yellow colours after oxidation of 
reaction mixtures of cobalt(I1) and either ortho- or meta-substituted salicylidenearylimines 
indicates that co-ordination of some kind does occur in solution even though pure products 
could not be isolated. Models of such complexes show considerable steric hindrance to 
the arrangement of six co-ordinating groups about the metal when substituents are ortho 
to the nitrogen atom. However, there appears to be little added steric strain when meta- 
substituents are present beyond that due to the ring system itself. Such complexes tay 
well be prepared by some alternative synthetic method. 

The CN Bond.—A qualitative study has been made of the effect of chelation on the 
resistance to hydrolysis of the CN band in the particular compound salicylidene-p- 
toluidine. This was done by measuring the amount of free base or complex remaining in 
acetone solution after the addition of aqueous perchloric acid of different concentrations, 
The results (see Table) indicate that co-ordination of the Schiff’s base with cobalt ions 
increases the resistance of the C:N link to hydrolysis, while cobalt(1m) has a greater effect 
than cobalt(11) in “ protecting’ the double bond. Similar stabilisation of the C:N bond 
to acid attack has been reported for copper and nickel complexes with NN’-di(1-methyl-3- 
oxobutylidene)ethylenediamine ™ and for the copper derivative of salicylideneglycine.” 

The following reactions are considered to occur. The Schiff’s base will be hydrolysed 
to its constituents (1) 


H+ 
HO*CgHyCH:NvCyH CH, + HxO —— HO-C,HyCHO + NHyCyHyCH, . . . (I) 
while the complexes will be dissociated (2) : 
ColO*CgHyCH?N-CgHyCHy)e + xH+ ——te Cott + xHOCgHyCHIN'CgHyCH, . . . 


followed by hydrolysis of the liberated base. Although the mechanism of acid hydrolysis 
of Schiff’s bases has not been extensively studied, it is reasonable to assume that a hydronium 


The acid-hydrolysis of salicylidene-p-toluidine complexes of cobalt in aqueous acetone at 20°. 
HClO, Free Co(11) Co(r11) HClO, Free Co(11) Co(111) 
(108m) base ¢ complex* complex ® (10%m) base ¢ complex* complex? 

0-0 100 100 100 1-6 — -— 100 

0-5 34 91 — 2-0 0 12 

0-8 _- — 100 4-0 = — 100 

Results are expressed as the percentage of the compound remaining undissociated in solution as 
determined by the optical densities of the solutions. Concentrations in the reaction mixtures were: 
free base, 1-9 x 108m; Co(11) complex, 1-2 x 10-°m; Co(11) complex, 0-51 x 10°°m. The concen- 
trations represent approximately the same “‘ concentration ” of C:N bonds in each solution examined. 

* 50% Aqueous acetone after mixing. * 40% Aqueous acetone after mixing. 


ion must attach itself to the nitrogen atom as a first step in the reaction. In a metal 

complex, since the nitrogen atom is already bound to a metal ion, a hydronium ion must 

compete with the metal ion and hydrolysis becomes more difficult. The greater resistance 

to attack shown by the cobalt(111) complex than by the cobalt(11) may be explained by the 

greater bond strength of the Co-N link in the tervalent than in the bivalent complex, 
10 West, Robertson, and Hocking, Nature, 1955, 176, 832. 


11 McCarthy, Hovey, Ueno, and Martell, J. Amer. Chem. Soc., 1955, 77, 5820. 
12 Eichhorn and Marchand, J]. Amer. Chem. Soc., 1956, 78, 2688. 
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making it more difficult for an attacking hydronium ion or proton to gain a share in the 
nitrogen electrons. 


EXPERIMENTAL 


Microanalyses were by the C.S.I.R.O. Microanalytical Laboratory, Melbourne. 

Tris(salicylideneanilinato)cobalt(111).—Cobalt acetate tetrahydrate (5-0 g., 0-02 mole) was 
dissolved in water (50 ml.), and the solution filtered and added to a solution of salicylidene- 
aniline (11-8 g., 0-06 mole) in ethanol (300 ml.). To the resulting dark red solution was added 
dropwise a slight excess of hydrogen peroxide (100-vol.) with vigorous stirring (ca. 1-5 ml., 
0-013 mole). The dark yellow-brown solution was kept until crystallization was complete 
(11-7 g., 91% based on cobalt salt). The product was recrystallized from alcohol and obtained 
as black needles which crushed to an olive-green powder, m. p. 194° (Found: C, 72-4; H, 4-7; 
N, 6:4. CggH g9CoN,O, requires C, 72-4; H, 4-6; N, 65%). 

Similar procedures were used to prepare the following compounds. Tris(salicylidene-p- 
toluidinato)cobalt(111), black prisms, m. p. 193° (Found: C, 73-2; H, 5-3; N, 6-0. C,,H,,CoN,O, 
requires C, 73-1; H, 5-3; N, 61%). Tvis(salicylidene-p-chloroanilinato)cobalt(i1), black prisms, 
m. p. 214°, somewhat unstable and reverting to the cobalt(11) complex on continued boiling in 
solvents (Found: C, 62-7; H, 3-4; N, 5-5. Cs3gH,,Cl,CoN,O, requires C, 62-4; H, 3-6; N, 5-6%). 
Tris(salicylidene-p-anisidinato)cobalt(11), black prisms, m. p. 193° (Found: C, 68-6; H, 5-05; 
N, 5:9. C4H,,CoN,O, requires C, 68-4; H, 4:9; N, 5-7%). 

Tris(salicylidenebenzyliminato)cobalt(111).—The Schiff’s base was prepared by warming 
salicylaldehyde (7-3 g., 0-06 mole) and benzylamine (6-4 g., 0-06 mole) in ethanol (400 ml.) at 70°. 
To this was added a filtered solution of cobalt acetate tetrahydrate (5 g., 0-02 mole) in water 
(60 ml.). Excess of 100-vol. hydrogen peroxide (2 ml., 0-018 mole) was added dropwise to the 
mixture with constant stirring. Fine, dark green needles were formed on cooling; this complex 
had m. p. 221° (Found: C, 73-7; H, 5-5; N, 6-1. C,,H s,CoN,O, requiresC, 73-1; H, 5-3; N, 6-1%). 

Tris(salicylidenecyclohexyliminato)cobalt(111), dark green prisms, m. p. 187° (Found: C, 69-8; 
H, 7-8; N, 6-1. Cg9H,,CoN,O, requires C, 70-2; H, 7-3; N, 6-3%), was prepared similarly. 

Tris(salicylidene-ethyliminato)cobalt(111)—-The Schiff’s base was prepared from salicyl- 
aldehyde and the amine hydrochloride in the presence of sodium hydroxide. Cobalt acetate 
and hydrogen peroxide were then added and the mixture was kept on the water-bath until 
reaction was complete; the product formed dark green prisms, m. p. 216° (Found: C, 64:3; 
H, 6:3; N, 8-1. C,,H,,CoN,O, requires C, 64-5; H, 6-1; N, 8-4%). 

Salicylidene-p-toluidine was prepared by heating salicylaldehyde and p-toluidine in ethanol 
on a water-bath and allowing the product to crystallize; yellow needles from ethanol, m. p. 94°, 
were obtained (Found: C, 79-3; H, 6-2. Calc. for C,,H,,;NO: C, 79-6; H, 6:2%). 

Bis(salicylidene-p-toluidinato)cobalt(11) was prepared by West’s method,’ forming dark red 
prisms (from ethanol), m. p. 180° (decomp.) (Found: C, 69-8; H, 5-0; N, 5-6. Calc. for 
C,,H,,CoN,O,: C, 70-1; H, 5-05; N, 5-9%). 

Hydrolysis Experiments.—Standard solutions of the base and complexes in acetone were 
prepared by direct weighing. Standard aqueous perchloric acid solutions were prepared by 
dilution of a stock, standard solution. Reaction mixtures were prepared by mixing equal 
volumes (2 ml.) of the reagents. A sample was quickly transferred to a spectrophotometer cell, 
and the optical density of the solution determined immediately at a suitable wavelength, viz., 
salicylidene-p-toluidine, 4300 A; cobalt(11) complex, 4900 A; cobalt(111) complex, 4000 A. For 
the reactions of the cobalt(111) complex additional acetone (1 ml.) was added to the reaction 
mixture to delay precipitation of the complex until a reading could be made. Precipitation 
commenced after 3—4 min. .The optical densities of mixtures prepared by using distilled 
water in place of acid were considered as standards representing no hydrolysis in the solutions. 
A Unicam S.P. 500 spectrophotometer was used in the experiments. 

Magnetic Measurements.—Diamagnetism was detected by Gouy’s method. 


DEPARTMENT OF PHYSICAL AND INORGANIC CHEMISTRY, 
UNIVERSITY OF ADELAIDE, SOUTH AUSTRALIA, [Received, June 13th, 1960.} 
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960. Out-of-plane Co-ordinates for the Vibrations of Planar 
Aromatic Molecules. 


By C. A. Coutson and A. GOLEBIEWSKI. 


A comparison is made between the conventional valence-field-co-ordinate 
treatment of the out-of-plane motion of a planar aromatic molecule, and the 
use of another set of co-ordinates recently introduced by Coulson and Senent. 
It is shown that in the latter scheme interaction constants in the potential 
energy function are very much smaller than in the former and may therefore 
often be completely neglected. Equations are given that enable the equations 
of motion of such a molecule to be written down in a very convenient form 
and permit simple calculation of the displacements in sterically overcrowded 
molecules of this type. 


WHEN studying the out-of-plane vibrations of a planar aromatic molecule it is usual! to 
employ valence force co-ordinates (VFC). General methods have been given by Wilson * 
and Eliashevich * for setting up the secular determinant for these vibrations. An advan- 
tage of this theory is that the force constants have an explicit and simple physical meaning, 
and can often be transferred from one molecule to another. But recently, in the course of 
their study of certain overcrowded polynuclear hydrocarbons, Coulson and Senent * found 
it convenient to introduce another set of co-ordinates, which also have a simple physical 
meaning. 

In order to compare the two sets of co-ordinates, let us consider (Fig. 1) part of a planar 
molecule to which the co-ordinates are applicable. The numbers 1... 6 denote the atoms, 
and ¢, .. . ¢, denote the angles. Since the bond lengths will not usually all be equal, we 
denote by a, the bond length between atoms i and k. Then the two sets of co-ordinates 
used to describe the out-of-plane behaviour of this atomic configuration are: 

(1) the co-ordinates used, for example, by Miller and Crawford 5 in their calculations 
of the benzene molecule, and typified by: 


¥13 = angle between the 1,3-bond and the plane 2-1-4 
8,2 = torsion angle between the planes 2-1-4 and 1-2-6. 


(2) the co-ordinates proposed by Coulson and Senent,‘ which, apart from certain scale 
factors, are equivalent to: 


a’, = distance of atom 1 from the plane of its three neighbours 3-4-2. 

8’,9 = angle between the projections on to a plane perpendicular to 1-2 of two 
vectors, one of which is perpendicular to the plane 3-1-4 and the other to the plane 
2-5-6. 


We shall refer to these two sets of co-ordinates as MC and CS respectively. One 
advantage of the CS co-ordinates is that there is no ambiguity in their choice, such as is 
involved in 8,, where instead of the planes 2-1-4 and 1-2-6 we might have chosen 3-1-2 
and 1-2-5. Another advantage seems to be that surprisingly good results can be obtained, 
both for spectral frequencies and structural equilibrium,**®? when only two force constants 
are used in the usual harmonic oscillator potential function, and with no cross-terms. 
Our objects in this paper are to understand the latter situation, and to provide a general 


1 See, e.g., Wilson, Decius, and Cross, “‘ Molecular Vibrations,’”” McGraw-Hill Book Co., New York, 
Toronto, London, 1955. 

* Wilson, J. Chem. Phys., 1939, 7, 1047; 1941, 9, 76. 

% Eliashevich, Compt. rend. Acad. Sci. U.R.S.S., 1940, 28, 605. 

* Coulson and Senent, J., 1955, 1813. 

5 Miller and Crawford, J. Chem. Phys., 1946, 14, 282, 

* Coulson and Senent, /., 1955, 1819. 
7 Ali and Coulson, J., 1959, 1558. 
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method for setting up the potential function in terms of the displacements 2, of the atoms 
rpendicular to the mean plane. 
Relations between the Sets of Co-ordinates—In comparing the MC and CS co-ordinates 
it is convenient to use a relative reciprocal bond length Ay, rather than a, where 


Ax = d/aix ° ° ° . ° . ° . . (1) 


In (1), d is the most characteristic bond length (1-39—1-40 A for most aromatic compounds). 
Then straightforward trigonometric and analytical considerations lead to the following 
relations: 











, _ Ag sin dg(%q — 2) + Agy Sin $3(23 — 2) + Aas SiN Po(% — 2) (2) 
cau Ag sin $4 + Ag, Sin $3 + Agy Sin dy ms. 
, __ Ag, cos $3(23 — 2) — Ag, COS p4(Zq — %) 
Pas = d sin $s 
As Age COS $5(2%, — 2) — Ags COS pe(Z%g — 2) (3) 
d sin ¢, F 
Usually ¢, =... = ¢, 2n/3; and then these equations are equivalent, apart from a 


scale factor, to those given by Coulson and Senent * and generalised by Ali and Coulson.” 


Fic. 2. 


Fic. 1. 





In what follows we shall discuss only this particular case, since, although generalisation 
to other cases is possible, the formule are rather complicated. It will now be convenient 
to take account of the scale factor, and replace «’, 8’ by «, 8 as defined by Coulson and 
Senent. So from here onwards 


0 = Ag (% — 4) + Agilts—%) + Anle—-4) - - - - - + 

Big = Agi(%s — %) — Aga (%q — 41) — Agel%s — 22) + Agal%e — 22) - 6) 
We can also similarly find the relation between the MC co-ordinates and the Cartesian 
displacements z. When ¢, = ... = 2n/3, we have 

1 

3 =79 {Ag (%q — %) + Agil%s — 4) + Anlee—4)}o - . - ee 

> 2 

%2 = Vad Aea(%e — %) — Ag(% — 4) —Anle—4)} + - - + 


The lack of symmetry in the definition of 8,, is well brought out by equation (7). 
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By comparing (4)—(7) we see that 


713 as a Oy ° . . ° . . . ° ° ° ° e (8) 


1 
B12 = gq (P12 + 2 — %) i, RD acres om: re 


Comparison for Benzene.—We are now in a position to compare the MC and CS potential 
functions; and we shall choose benzene as our example, since the force constants in the 
MC scheme are already known ® with good precision. If we limit ourselves to interaction 
terms of ortho-type only, we have in the MC representation: 


V = $ADd (ry)? + 4BD (RS, i421)? + 2D yiniss 
+ DSR, 5418141142 + CDrR(ydi-a,i— yduier) - - ee. (0) 
where the bond lengths r = 1-08 A, R = 1-40 A are used for dimensional convenience, 
and y;, is used instead of y;,x, where k is the hydrogen atom adjacent to carbon atom i. 
In the CS representation 
V = $K*>o*, + KS 87541 + KS 8: i +1(ai41 — ai) 
+ KS aja,+1 + KOS 81+ 18i+1,1+2 + KOM DB, i 42(2i42 — aj+1) 
+ K™Saaj,2+... Lh ee a ee ee ee ee re ee 


where the symbols o and m in the superscripts attached to the interaction constant K 
denote ortho- and meta-positions. 

A comparison of equations (10) and (11), using (8) and (9), shows that if we use 2 for 
the ratio » = R/r = 1-2963, then 


4 


1 


K8 = 3B 
1 
fapo — 1B — —— 
K 4B 1 + <3 ° 
1 2 

em + ee tr iA 
KPo — 4b = Koim — — Kan 

A = {K* + 2K® — 4K28o — 2K60} 

B = 3K8 

a = *{—Ké + 2K 4+ Kw + 2K — 2K} 

b = 3Kf 

Gan W/O —- KP— BP. gw ww ee wwe e FF 


with the condition for zero meta-interactions 
Kim — Kio — — Kam a he eee 


If we use the force constants A, .. . calculated in the MC scheme by Kakiuti and Shiman- 
ouchi ® to compute the force constants K*, . .. we obtain the results shown in Table 1, in 
which the third and the sixth column give the value of the force constant as a percentage 
of the largest one (A and K* respectively). 


* Kakiuti and Shimanouchi, ]. Chem. Phys., 1956, 25, 1252. 
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TABLE 1. Numerical values of the force constants. 


Force constants calculated by Kakiuti and Force constants in the considered VFC répre- 
Shimanouchi § * sentation calc. from eqn. (12) 
Symbol Value (10° dyne/cm.) % Symbol Value (10° dyne/cm.) 
‘ 0-402 100 Ke 0-1345 
0-181 45-0 KB 0-0603 
— 0-073 18-2 Kafo 0-0059 
—0-012 3-0 Kao 0-0050 
—0-131 32-6 po —0-0040 
* Taking r, = 1-08 A, R, = 140A 


It is surprising how much the interaction constants given in the last three lines of this 
Table are reduced in the new CS co-ordinates. Thus the maximum value of an interaction 
constant is reduced from 32-6% in the MC scheme to 44% in the CS scheme. This 
explains why Coulson and Senent *® and Ali and Coulson’? obtained such good results 
even though they neglected all interaction constants. Incidentally the values which we 
obtain in Table 1 for K* and K® differ only slightly from those previously used by Coulson 
and Senent,* namely: 


K* = 0-1474 x 10° dynecm.1; K® = 0-0553 x 10° dynecm.+ . . (15) 


Since the calculation of interaction constants is the most troublesome part of the estimation 
of potential functions, and since according to equation (13) the influence of each separate 
K-force constant is additive in the determination of the A,B, ... force constants, we show 
in Table 2 the way in which the K-interaction constants influence the MC constants 
A...c. In each column there are given the values of these constants when account is 
taken only of the CS constants listed at the head of the column. It can be seen from this 
Table that, at least in benzene, K**’ is the most important interaction force constant, 
and K* the least important in influencing A,B, ...c. 


TABLE 2. The importance of the interaction terms of K type in determining the MC 
force constants. 
Kz, KB from Exact 
eqn. (15) Ke,KB Ke,K8,Keo Ka,K8,KoBo Ke,KB8,KBo Ka,K8,Ko0,KaBo,Kao value 
0-433 0-429 0-429 0-389 0-442 0-402 0-402 
0-166 0-181 0-181 0-181 0-181 0-181 0-181 
— 0-093 —0-101 —0-093 —0-081 —0-114 — 0-086 — 0-073 
0 0 0 0 —0-012 —0-012 —0-012 
—0-068 —0-135 —0-135 —0-122 —0-144 —0-131 —0-131 
(and small values for the mefa-interaction terms in the MC representation.) 


APPENDIX 


In all applications of the CS co-ordinates to the out-of-plane deformations of overcrowded 
molecules, or to the calculation of out-of-plane normal modes of vibration, it is necessary to 
form the expressions 

oa 16 
K, oy = Dini ° ° e ° ° . . . ( ) 


for all i's. The coefficients «4, are simple to obtain from an expression such as (11), but it is 
very tedious when dealing with large molecules. We have therefore set down in Table 3 a 
general formula for “;,. For the sake of definiteness we first list the assumptions under which 
this Table is valid. 

(i) All the bond angles are 120°, and all the carbon-carbon bond lengths have Aj, = 1. 

(ii) Each carbon atom is in the sp*-state of hybridisation, and no such carbon atom has 
more than one non-carbon neighbour (this is usually hydrogen). 

(iii) The potential energy is a quadratic form of the co-ordinates (4)—(5), and all interaction 
force constants are neglected. We have seen that these interaction constants are small; they 
may, of course, be added if we so desire; but then the formule of Table 3 become considerably 
more complicated. 
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The following definitions will be used: 









S = general carbon or hydrogen atom, with respect to which the potential energy is 
being differentiated to give 0V/dz,, 
o = a nearest neighbour atom to s (ortho), 
m = a second nearest neighbour atom to s (meta), 
p = a third nearest neighbour atom to s (¢.g., para), 
hydrogen neighbour atom of s (if any), 
y = hydrogen neighbour atom of m (if any), 
z = hydrogen neighbour atom of p (if any), 
noi.-- — the number of torsion axes passing through a,b. . . and not through c,d, . . ., 
Nim = +nl™ when | and m refer to atoms on the same side of the axis ks, 
—n\@ when 1 and m refer to atoms on different sides of the axis ks, 
MN « = number of shortest paths, from atom s to atom p along the bonds (this must be 
either 1 or 2), 
» = 1-40/1-08 (A) = 1-2963, 
A = K8/K* = 0-4483 































I 


I 
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TABLE 3. Formula for the coeffictents ui, = tU,. 





x s(H) s(C,) _ s(C) 

i (a hydrogen atom) (a secondary carbon atom) (a tertiary carbon atom) 
s(H) (1-+ 2A)A® _— alts 

s(C,) — (2 + A)? + 2+ (22 — 44424 Dna — 

s(C,) _ — 12 + AE; 

oC) —(2+AA+2A(I—AA = — (4 + 2A) + AA— N[Z— A—1)NZ) —(5 +A + A-—NA 
o(C,) -- —(6+A+A-NA | —6 

m(C,) Al + A[(A—1)NQ,— WN 1+ {A— 1)(NG, + Not) = nA 1 + {A — I) NG, — nA 
m(C,) (1 — A)A 1+ {A — INS — nA 1— "A 

P(C) | _ any —~N_AN® —W a ANB 

p(Cy) J A om NA om sp om 

p(H) —AN®,x —AN®A —AN®)\ 


(Note: The first main column gives «4, when s is a hydrogen atom, the second when s is a secondary 
carbon atom, and the third when s is a tertiary carbon atom. Also, 0, m in N®, refer to those atoms 
in ortho- and meta-position, which are between the atoms sand p. Similarly o in NS, and N%y refers 
to that atom in the ortho-position to s, which lies between the atoms s and m). 


Let us illustrate the use of this Table by taking as an example the calculation of @V/dz, in 
1,12-benzoperylene (Fig. 2). The molecular diagram shows that n}. = 0, n} = 1, nj, = 2, 
index s = 1 referring to a secondary carbon atom. Hence 


3,1 = (2 + A)® + 2 + (24? — 40 + 5A 


Similarly: 
U3 = —(5 +A + (A—DA 
Uy44 = 1 — AA, since NOX = Nif’ = —1 and n&™ = nj‘ = 1, 
M135 = —2A, since N®, = NES = Ni,'%, = 1, and so on. 
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gy is 961. Some Derivatives of 4-Amino- and 4-Nitro-pyridine. 


By J. M. Essery and K. SCHOFIELD. 


3-Methyl-, 3-ethyl-, and 3-isopropyl-pyridine, and 3,5-dimethyl- and 
2,3,5,6-tetramethyl-pyridine have been converted into the 4-nitropyridine 
l-oxides, and thence into the 4-chloropyridine l-oxides from which were 
derived the 4-amino-, 4-methylamino-, and (except in the cases of the tetra- 
methyl compound) the 4-dimethylamino-pyridine l-oxides. These series 
of 1-oxides provided, on deoxygenation, series of 4-nitro-, 4-amino-, 4-methyl- 
amino-, and 4-dimethylamino-pyridines. 

Nitration of 3-t-butylpyridine l-oxide proceeds at position 2 or 6. 


t be 
! For physical studies to be described shortly, we required the four series of pyridine 


derivatives (VI, VII, IX, and X; R = R’ = H, R” = H, Me, Et, Pr’, But, or Br; also 
R=H, R’=R”=Me; and R= R’ = R” = Me). Of these compounds, 4nitro-, 
4-amino-, 4-methylamino-, 4-dimethylamino-, 3-methyl-4-nitro-, 4-amino-3-methyl-, and 
4-amino-3-bromo-pyridine were already known. 

4-Methylamino- and 4-dimethylamino-pyridine were prepared from 1-4’-pyridyl- 
tom) pyridinium chloride hydrochloride by the method of Jerchel, Fischer, and Thomas.* 
4-Amino-3-methylpyridine has been prepared similarly from 3-methyl-1-(3-methyl-4- 
pyridyl)pyridinium chloride hydrochloride,* but in attempting to use this reagent as a 
source of compounds (VII, IX, and X; R = R’ = H, R” = Me) we found great difficulty 
in obtaining it pure. Accordingly, we centred our efforts upon the pyridine 1-oxides (II), 
1 as promising sources of all four of the series (VI, VII, IX, and X)# 








=m) A cl NHMe 
R"7 Rr’ R"7 rR’ ee \" RF R' RF YR’ 
RY R RQ+ OR nes! RY+ JR RY + AR 
N N N N N 
(1) (Il) Om (im) Oo (Iv) O7 (Vv) oO 
ane a y 
atoms NMe2 NHMe 
sett R” x — 8 te R” ts “Cy R! Cx 
> se 
RY+ RY R RY R 
N N 
dz, in (VI) (Vil) (VIII) (IX) (X) 
= 2, 


The substituted pyridines (I) were oxidised to the l-oxides (II) by hydrogen peroxide 
in acetic acid. Conversions of 60—70% were obtained, except in the case of 2,3,5,6- 
tetramethylpyridine (32%). All these oxides were hygroscopic, except for 2,3,5,6-tetra- 
methylpyridine 1-oxide, which formed stable, anhydrous crystals. 

The 4-nitropyridine l-oxides (III) were obtained by treating the l-oxides (II) with a 
mixture of fuming nitric and concentrated sulphuric acid. The yields obtained decreased 
with increasing substitution in the l-oxides. The nitration of 3-bromopyridine 1-oxide 

leave (at 130°) gave a small proportion of 3-bromo-4-nitropyridine in addition to 3-bromo-4- 

onian nitropyridine l-oxide. Deoxygenation of 4-nitropyridine l-oxide under similar conditions 

has been observed.? In contrast to all the other examples studied, 3-t-butylpyridine 

60) l-oxide was not nitrated at position 4. The product from this reaction was 3-t-butyl- “ 
, 2(or 6)-nitropyridine, as was shown by the ultraviolet absorption spectrum of the derived 


' Jerchel, Fischer, and Thomas, Chem. Ber., 1956, 89, 2921. 
? Clemo and Swan, /J., 1948, 198. 
* Ochiai, J. Org. Chem., 1953, 18, 534. 
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2(or 6)-amino-3-t-butylpyridine. This behaviour is exceptional,‘ and is attributed to the 
steric influence of the t-butyl group. 

Deoxygenation of the nitropyridine l-oxides to 4-nitropyridines (III —» VI) by 
phosphorus trichloride in chloroform * gave good yields, except in the cases of the 3,5-di- 
and 2,3,5,6-tetra-methyl compounds. 

The 4-aminopyridines (VII) were prepared by reducing the 4-nitro-compounds (VI) 
with Raney nickel and hydrazine hydrate or with iron and acetic acid, or by reducing the 
4-nitropyridine 1l-oxides (III) directly, with iron and acetic acid or catalytically. Diffi- 
culties in obtaining completely satisfactory analyses of some of the 4-amino-compounds 
arose from their liability to hydration. 

The 4-chloropyridine l-oxides (IV) were all prepared by treating the 4-nitropyridine 
l-oxides with acetyl chloride? They reacted with methylamine and dimethylamine 5 
to give the 4-methylamino- (V) and 4-dimethylamino-pyridine 1-oxides (VIII) in satisfac- 
tory yields. Only 4chloro-2,3,5,6-tetramethylpyridine l-oxide failed to react with di- 
methylamine. Like the 4-amino-compounds, the chloro- (IV) and the methylamino- 
pyridine 1-oxides (V) were usually hydrated. 

4-Methylamino- (V) and 4-dimethylamino-pyridine l-oxide (VIII) were reduced to 
4-methylamino- (X) and 4-dimethylamino-pyridine (IX) either by iron-acetic acid or 
catalytically. 3-Ethyl-4-methylaminopyridine was obtained directly when the product 
of the reaction between methylamine and 4-chloro-3-ethylpyridine 1l-oxide was distilled. 
All the 4-dimethylaminopyridines (IX), except the parent compound (IX; R= R’= 
R” =H), were liquids. Although the reduction of 3-bromo-4-dimethylaminopyridine 
l-oxide with iron-acetic acid gave a liquid with the expected physical properties (the pK, 
and ultraviolet absorption spectra will be reported later), from which a picrate giving a 
satisfactory analysis was prepared, this product gave incorrect analyses for 3-bromo-4- 
dimethylaminopyridine although several preparations were examined. It may be 
significant that both this compound and 3-bromo-4-methylaminopyridine become brown 
fairly quickly even when kept in sealed tubes in the dark. 


Because of the failure of 3-t-butylpyridine 1-oxide to undergo nitration at position 4, 
we examined the reaction of this oxide with sulphuryl chloride. Two 3-t-butyl-x-chloro- 
pyridines were formed, but were not further characterised. 


EXPERIMENTAL 
Unless otherwise described, picrates were obtained as yellow needles from ethanol. 


3-t-Butylpyridine.—The following modification of Brown and Murphey’s method ® was used; 
3-isopropylpyridine (60-5 g.) was added in 5 min. to potassamide in liquid ammonia [prepared 
from potassium (39 g.), liquid ammonia (400 ml.), and ferric nitrate (0-5 g.)]. The mixture 
was stirred for 45 min., and methyl chloride (56 g.) was then added dropwise during 8 hr., 
through a condenser cooled in solid carbon dioxide, with vigorous stirring. Ammonia was 
allowed to evaporate, and ammonium chloride was added. A solution of the residue in water 
(300 ml.) was extracted with ether. Distillation through a heated column, packed with helices, 
gave 3-isopropylpyridine (48 g.), b. p. 178—179°, and 3-t-butylpyridine (10-8 g.), b. p. 190—192°. 

3-Ethylpyridine 1-Oxide.—3-Ethylpyridine’ (53-5 g.), acetic acid (300 ml.) and 30% 
hydrogen peroxide (50 ml.) were heated at 70—80° for 3 hr. More hydrogen peroxide (35 ml.) 
was added, and heating continued for 9 hr. The cooled mixture was basified with concentrated 
sodium hydroxide solution and extracted with chloroform. Removal of the solvent from the 
dried (Na,CO,)-extract, and distillation, gave an oil (48-2 g.), b. p. 123—125°/12 mm., which 
solidified but was hygroscopic [picrate, m. p. 95° (Found: C, 44:3; H, 3-4. Calc. for 
C,H,NO,C,H,N,O,: C, 44:3; H, 3-4%). 


‘ Katritzky, Quart. Rev., 1956, 10, 395. 

5 Katritzky, /., 1956, 2404. 

* Brown and Murphey, J. Amer. Chem. Soc., 1951, 78, 3308. 
? Fand and Lutomski, J. Amer. Chem. Soc., 1949, 71, 2931. 
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3-Isopropylpyridine 1-Oxide.—3-Isopropylpyridine * similarly gave a hygroscopic oil (71%), 
b. p. 120—122°/0-3 mm. [picrate, m. p. 125—126° (Found: C, 46-3; H,3-9. C,H,,NO,C,H,N,O, 
requires C, 45-9; H, 3-85%)]. 

3-t-Butylpyridine 1-Oxide.—A colourless, hygroscopic oil (66%), b. p. 132—134°/1 mm., 
gave a picrate, m. p. 143—144° (Found: C, 47-4; H, 4:2. C,H,,NO,C,H,N,O, requires 
C, 47-5; H, 42%). 

3,5-Dimethylpyridine 1-Oxide.—This colourless, hygroscopic oil (55%), b. p. 116—118°/0-1 
mm., gave a picrate, m. p. 135—136° (Found: C, 44:8; H, 3-5. Calc. for C,H,.NO,C,H,N,0,: 
C, 44:3; H, 3-4%). 

2,3,5,6-Tetramethylpyridine 1-Oxide.—This oxidation was carried out at 90—100°. The 
oxide formed colourless needles (32%), m. p. 139—140° (Found: C, 71-6; H, 8-5. C,H,,NO 
requires C, 71-5; H, 87%), from light petroleum (b. p. 60—80°), and gave a picrate, m. p. 
144—145° (Found: C, 47-5; H, 4-6. C,H,,;NO,C,H,N,O, requires C, 47-4; H, 42%). 

3-Bromopyridine 1-Oxide.—This compound was obtained in yields similar to those reported.® 
Its picrate (yellow platelets from ethanol) had m. p. 144-5—145-5° (Found: C, 33-4; H, 2-0. 
C,H,BrNO,C,H,N;0, requires C, 32:7; H, 1-75%). 

3-Ethyl-4-nitropyridine 1-Oxide.—3-Ethylpyridine 1l-oxide (24-5 g.), sulphuric acid (65 ml.; 
d 1-84), and nitric acid (34 ml.; d 1-50) were warmed to 50°, a vigorous reaction then occurring. 
When this subsided, the solution was heated at 90—100° for 34 hr. and then poured on ice. 
After neutralisation of the solution with solid potassium carbonate the precipitated potassium 
sulphate was collected and washed with ice-water. The combined washings and filtrate were 
extracted with chloroform. Drying (Na,CO,), removal of the solvent, and crystallisation of 
the residue from ether gave 3-ethyl-4-nitropyridine l-oxide (19 g.) as yellow needles, m: p. 
68—69° (Found: C, 50-1; H, 4:8. C,H,N,O, requires C, 50-0; H, 48%). 

3-Isopropyl-4-nitropyridine 1-Oxide.—Prepared similarly, 3-isopropyl-4-nitropyridine 1-oxide 
(60%) formed lemon platelets, m. p. 138—139° (Found: C, 52-7; H, 5-6. C,H, )N,O, requires 
C, 52-7; H, 5-5%), from acetone. 

3,5-Dimethyl-4-nitropyridine 1-Oxide.—The nitro-compound (46%) crystallised from acetone 
as pale yellow needles, m. p. 174—175° (Found: C, 49-9; H, 4-9. C,H,N,O, requires C, 50-0; 
H, 4.8%); its picrate had m. p. 137-5—-138-5° (Found: C, 39-9; H, 2-6. C,H,N,O;,C,H,N,0, 
requires C, 39-3; H, 2-8%). 

2,3,5,6-Tetramethyl-4-nitropyridine 1-Oxide.—This compound (55%) formed yellow prisms, 
m. p. 115—116° (Found: C, 53-9; H, 6-3. C,H,,N,0;,}H,O requires C, 53-9; H, 6-0%), 
from ether-light petroleum (b. p. 40—60°), and gave a picrate, m. p. 160—161° (Found: 
C, 42:5; H, 3-65. C,H,,.N,O;,C,H,N,O, requires C, 42-4; H, 3-6%). 

3-Bromo-4-nitropyridine 1-Oxide.—3-Bromopyridine l-oxide (10 g.), sulphuric acid (15 ml.; 
d@ 1-84), and nitric acid (20 ml.; d 1-50) were heated at 120—130° for4hr. The usual processing 
gave 3-bromo-4-nitropyridine 1-oxide (4-1 g.) [orange-yellow needles, m. p. 156—157° (reported ® 
m. p. 152—153°), from benzene] and 3-bromo-4-nitropyridine (0-3 g.), b. p. 66—68°/0-1 mm. 
(Found: C, 30-3; H, 1-5. C,H,BrN,O, requires C, 29-6; H, 1-5%) (picrate, m. p. 165—167°). 

3-t-Butyl-2(or 6)-nitropyridine.—Nitration of 3-t-butylpyridine l-oxide (4 g.) at 95° for 2 hr. 
afforded 3-t-butyl-2(or 6)-nitropyridine (1-4 g.), which separated from light petroleum (b. p. 
60—80°) as pale yellow platelets, m. p. 104-5—105-5° (Found: C, 59-9; H, 6-2. C,H,,N,0, 
requires C, 60-0; H, 6-7%). 

3-Ethyl-4-nitropyridine.—To a stirred solution of 3-ethyl-4-nitropyridine l-oxide (5 g.) in 
dry chloroform (100 ml.), cooled in ice, phosphorus trichloride (25 ml.) was added dropwise. 
The temperature was kept below 10°, and when the addition was complete the mixture was 
stirred for 40 min. more below 10°, and then poured on ice and basified with sodium hydroxide 
solution. The aqueous layer was washed with chloroform, and the combined washings and 
chloroform layer were dried (Na,CO,). Distillation gave 3-ethyl-4-nitropyridine as a yellow oil 
(3-8 g.), b. p. 56—58°/0-25 mm., m,'* 1-5305 (Found: C, 54-9; H, 5-4. C,H,N,O, requires 
C, 55-25; H, 5-3%). 

3-Isopropyl-4-nitropyridine.—Prepared as above, the nitro-compound (79%) was a yellow 
oil, b. p. 82—-84°/0-85 mm. (Found: C, 58-7; H, 6-6. C,H,)N,O, requires C, 57-8; H, 6-1%) 
[picrate (yellow platelets from ethanol), m. p. 106—107° (Found: C, 43:1; H, 3-5. 
C,H,)N,0,,C,H,N,O, requires C, 42-5; H, 3-3%)]. 

® Murray and Hauser, J. Org. Chem., 1954, 19, 2008. 

® den Hertog and Overhoff, Rec. Trav. chim., 1950, 69, 468. 
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3,5-Dimethyl-4-nitropyridine.—Colourless needles of the nitvo-compound (45%), m. p. 
38—39° (Found: C, 541; H, 5-1. C,H,N,O,,}H,O requires C, 53-7; H, 5-5%), separated 
from light petroleum (b. p. 60—80°). The picrate had m. p. 169—170° (Found: C, 40-3: 
H, 2:9. C,H,N,0,,C,H,N,O, requires C, 40-0; H, 2-9%). 

2,3,5,6-Tetramethyl-4-nitropyridine.—To a stirred solution of 2,3,5,6-tetramethyl-4-nitro- 
pyridine 1-oxide (0-7 g.) in dry chloroform (15 ml.), cooled in ice, phosphorus trichloride (3 ml.) 
was added slowly. The mixture was heated on the water-bath for 45 min. before being worked 
up as usual. 2,3,5,6-Tetramethyl-4-nitropyridine (0-3 g.) formed colourless plates, m. p. 198~— 
200° (Found: C, 49-95; H, 6-2. C,H,,N,O,,2H,O requires C, 50-0; H, 7-5%), from acetone, 
The picrate formed lemon-yellow plates (from ethanol), m. p. 174—176° (Found: C, 442: 
H, 3-9. C,H,,.N,0,,C,H,N,O, requires C, 44-0; H, 3-7%). 

4-Chloro-3-ethylpyridine 1-Oxide-—When freshly distilled acetyl chloride (60 ml.) was 
added to 3-ethyl-4-nitropyridine l-oxide (13 g.), a vigorous reaction occurred. The mixture 
was poured on ice, basified with 20% sodium hydroxide solution, and extracted with chloroform. 
Removal of chloroform from the dried (K,CO,) extract, and recrystallisation of the residue from 
ethyl acetate gave cream-coloured needles (8-2 g.) of 4-chloro-3-ethylpyridine 1-oxide, m. p. 86° 
(Found: C, 52-9; H, 5-7. C,H,CINO requires C, 53-3; H, 5-1%) [picrate (yellow plates from 
ethanol), m. p. 137—138° (Found: C, 40-4; H, 2-9. C,H,CINO,C,H,N,O, requires C, 40-4; 
H, 2-9%)). 

4-Chlovo-3-isopropylpyridine 1-Oxide.—Prepared as above, this hygroscopic compound 
formed yellow needles (76%) (m. p. 87—88°, after drying in vacuo) from ethyl acetate and gave 
a picrate (yellow plates from ethanol), m. p. 130—131° (Found: C, 41-4; H, 3-5, 
C,H,,CINO,C,H,N,O, requires C, 42-0; H, 3-3%). 

4-Chloro-3,5-dimethylpyridine 1-Oxide.—The chloro-compound (85%) formed needles, m. p. 
201—202° (Found: C, 53-3; H, 5-1. C,H,CINO requires C, 53-3; H, 5-1%), from ethyl acetate 
and gave a picrate, m. p. 142—143° (Found: C, 41-0; H, 2-7. C,H,CINO,C,H;N,;0, requires 
C, 40-4; H, 2-9%). 

4-Chloro-2,3,5,6-tetramethylpyridine 1-Oxide-——The chloro-compound (61%) formed pale 
orange needles, m. p. 153—154° (Found: C, 50-5; H, 6-7. --CgH,,CINO,1$H,O requires C, 50-8; 
H, 7-1%), from ether—light petroleum (b. p. 60—80°). Its picrate had m. p. 154—155° (Found: 
C, 43-6; H, 3-5. C,H,,CINO,C,H,N,O, requires C, 43-45; H, 3-65%). 

3-Bromo-4-chloropyridine 1-Oxide.—This compound (80%) gave pale orange needles, m. p. 
153-5—154-5° (Found: C, 29-3; H, 1:5. C;H,BrCINO requires C, 28-8; H, 1-45%), 
from ethyl acetate. The picrate had m. p. 120—121° (Found: C, 30-5; H, 15. 
C,;H,BrCINO,C,H,N,0, requires C, 30-2; H, 1-4%). 

4-Amino-3,5-dimethylpyridine 1-Oxide—4-Chloro-3,5-dimethylpyridine 1l-oxide (2-5 g.) and 
aqueous ammonia (18 ml.; d 0-88) were heated in a sealed tube at 140° for 18 hr. The mixture 
was evaporated to dryness with potassium carbonate (2-5 g.), and the residue was extracted 
with butan-2-one. The extract deposited crystals, which after recrystallisation from acetone 
gave 4-amino-3,5-dimethylpyridine 1-oxide (1-6 g.), m. p. 227—229° (Found: C, 48-25; H, 8-3; 
N, 15-9. C,H, )N,O,2H,O requires C, 48-3; H, 8-1; N, 16-1%) [picrate (yellow plates from 
ethanol), m. p. 221—223° (Found: C, 42-95; H, 3-7. C,H, N,0,C,H,;N,O, requires C, 42-5; 
H, 3-6%)]. 

4-Amino-3-methylpyridine.—3-Methyl-4-nitropyridine (2-5 g.), ethanol (50 ml.), and 90% 
hydrazine hydrate (4 ml.) were warmed on the steam-bath and treated with a small quantity 
of Raney nickel, which caused a brisk effervescence. After about 30 min. the yellow colour 
of the solution had disappeared, and more Raney nickel was added to decompose the excess 
of hydrazine. The catalyst and solvent were removed and the residue was crystallised from 
light petroleum (b. p. 80—100°), to give the amine (1-2 g.) as colourless needles, m. p. 108—109° 
(reported 1° m. p. 108—109°). 

4-Amino-3-ethylpyridine.—From 3-ethyl-4-nitropyridine (5 g.) the above procedure gave 
the amine (2-3 g.), which formed colourless needles, m. p. 52—53° (Found: C, 63-1; H, 865. 
C,H,9N,,$H,O requires C, 64-0; H, 845%), from ether-light petroleum (b. p. 40—60°). The 
picrate formed yellow plates (from ethanol), m. p. 196—197° (Found: C, 43-7; H, 3-5; N, 19-7. 
C,H, N,,C,H,N,O, requires C, 44-45; H, 3-7; N, 19-9%). 

4-Amino-3-isopropylpyridine.—The amine (61%) separated from ether-light petroleum 
(b. p. 40—60°) as needles, m. p. 69—70° (Found: C, 65-4; H, 9-1. C,H,,N,,4H,O requires 

1° Taylor and Crovetti, J. Org. Chem., 1954, 19, 1633. 
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C, 66-1; H, 9-0%), and gave a picrate (yellow needles from ethanol), m. p. 156—157° (Found: 
C, 461; H, 40. C,H,.N,,C,H,N;O, requires C, 46-0; H, 4-1%). 

4-Amino-3,5-dimethylpyridine—(a) A stirred solution of 4-amino-3,5-dimethylpyridine 
l-oxide (0-5 g.) in acetic acid (5 ml.) was treated with iron pin dust (0-3 g.), and the mixture was 
then heated on the water-bath, with stirring, for 14 hr. The mixture was cooled, basified with: 
sodium hydroxide solution, filtered, and extracted with ether. Concentration of the dried 
(Na,CO,) extract and crystallisation of the residue from light petroleum (b. p. 60—80°) gave 
the amine (0-2 g.), m. p. 83—84° (Found: C, 53-6; H, 8-15; N, 17-9. C,H, )N,,2H,O requires 
C, 53-1; H, 8-9; N, 17-7%) [picrate (yellow plates from ethanol), m. p. 226—227° (Found: 
C, 449; H, 3-4. C,HyN,,C,H,N,O, requires C, 44-45; H, 3-7%). 

(b) 3,5-Dimethyl-4-nitropyridine 1-oxide (2 g.), methanol (25 ml.), and Raney nickel (2 g.) 
were shaken with hydrogen until uptake ceased. Removal of the catalyst and solvent, and 
recrystallisation of the residue from light petroleum (b. p. 60—80°), gave the amine (1-1 g.), 
m. p. 83—84°. 

+ mino-2,3,5,6-tetramethylpyridine.—Catalytic reduction of 2,3,5,6-tetramethyl-4-nitro- 
pyridine 1-oxide (1-5 g.) gave the amine (1-0 g.), m. p. 196—197° (Found: C, 68-4; H, 9-2. 
C,HyN2,4H,O requires C, 67-9; H, 9-5%) [from light petroleum (b. p. 60—80°)]. The picrate 
had m. p. 225—226° (decomp.) (Found: C, 47-6; H, 4:5. C,H,,N,,C,H,N,O, requires C, 47-5; 
H, 45%). 

2(or 6)-Amino-3-t-butylpyridine.—Reduction of 3-t-butyl-2(or 6)-nitropyridine (0°5 g.) with 
hydrazine hydrate and Raney nickel gave the amine (0-3 g.), m. p. 128—129° (Found: C, 72-3; 
H, 9-25; N, 18-7. C,H,,N, requires C, 71-95; H, 9-4; N, 18-65%) after crystallisation from 
light petroleum (b. p. 40—60°). The ultraviolet absorption spectrum (in 0-01N-KOH) had 
Amax, 292, 228 my (logy9 ¢ 3-56, 4:9). The base gave a picrate, m. p. 242° (Found: C, 48-1; 
H, 4:5; N, 18-7. C,H,,N,,C,H,N,O, requires C, 47-5; H, 4-5; N, 18-5%). 

3-Methyl-4-methylaminopyridine 1-Oxide.—4-Chloro-3-methylpyridine l-oxide (3 g.) and 
30% aqueous methylamine solution (18 ml.) were heated in a sealed tube at 140° for 18 hr. 
The mixture was evaporated to dryness with potassium carbonate (3 g.), and the residue was 
extracted with butan-2-one. Recrystallisation from this solvent gave 3-methyl-4-methvlamino- 
pyridine 1-oxide (2-1 g.) as needles, m. p. 106—107° (Found: C, 48-6; H, 8-0. C,H,N,O,2,HO 
requires C, 48-3; H, 81%). The picrate had m. p. 184—185° (Found: C, 42-9; H, 3-7. 
C,H,.N,0,C,H,N;O, requires C, 42-5; H, 3-6%). 

3-Ethyl-4-methylaminopyridine.—Treatment. of 4-chloro-3-ethylpyridine l-oxide (6 g.) as 
above gave a viscous brown oil (5 g.). Distillation gave a colourless oil, b. p. 120-—122°/0-5 
mm., which solidified when cooled in ice. Recrystallisation from ether gave platelets of 3-ethyl- 
4-methylaminopyridine (2-3 g.), m. p. 117—118° (Found: C, 70-9; H, 8-9; N, 20-0. C,H,.N, 
requires C, 70-55; H, 8-9; N, 20-6%) [picrate, m. p. 182—183° (Found: C, 46-0; H, 4-35. 
C,H,,N,,C,H,N,O, requires C, 46-0; H, 4-1%)]. 

3-Isopropyl-4-methylaminopyridine 1-Oxide.—This hygroscopic oxide was obtained in 84% 
yield, and characterised as its picrate (yellow platelets from ethanol), m. p. 164—165° (Found: 
C, 45-8; H, 4:3. C,H,,N,O,C,H,N,O, requires C, 45-6; H, 4:3%). 

3,5-Dimethyl-4-methylaminopyridine 1-Oxide-—This amine oxide (70%) formed cream- 
coloured needles, m. p. 94-5—95-5° (Found: C, 56-3; H, 8-7. C,H,,N,O0,H,O requires C, 56-45; 
H, 83%), from acetone and gave a picrate, m. p. 172—173° (Found: C, 444; H, 4-2. 
C,H,,N,0,C,H,N,O, requires C, 44-1; H, 40%). 

2,3,5,6-Tetramethyl-4-methylaminopyridine 1-Oxide.—This hygroscopic amine oxide (78%) 
gave a picrate, m. p. 140—141° (Found: C, 47-0; H, 5-0. C,H gN,O,C,H,;N,O, requires 
C, 46-9; H, 4-7%). 

3-Methyl-4-methylaminopyridine.—The corresponding oxide was reduced with iron and 
acetic acid, as described for 4-amino-3,5-dimethylpyridine l-oxide. Crystallisation from ether 
of the extracted material gave needles of the amine (70%), m. p. 125—126° (Found: C, 68-5; 
H, 8-7; N, 23-0. C,H, N, requires.C, 68-8; H, 8-25; N, 22-9%), whose picrate had m. p. 
199—200° (Found: C, 44-7; H, 3-8. C,H,N,,C,H,N,O, requires C, 44-45; H, 37%). 

3-Isopropyl-4-methylaminopyridine.—Catalytic reduction of the 1-oxide as already described 
gave the amine (50%), which formed needles, m. p. 95—96° (Found: C, 72-0; H, 9-1; N, 18-9. 
C,H,,N, requires C, 71-95; H, 9-4; N, 18-65%), from light petroleum (b. p. 60—80°) and gave 
aoe: m. p. 159—160° (Found: C, 47-7; H, 4:5. C,H,,N,,C,H,;N,O, requires C, 47-5; 

, 45%), 
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3,5-Dimethyl-4-methylaminopyridine.—Prepared by catalytic reduction of the 1-oxide, this 
amine (79%) separated from light petroleum (b. p. 80—100°) as crystals, m. p. 119-5—120-5° 
(Found: C, 69-9; H, 8-9; N, 20-8. C,H,,N, requires C, 70-55; H, 8-9; N, 20-6%). The 
picrate formed small yellow crystals (from ethanol), m. p. 194-5—195-5° (Found: C, 46-8; 
H, 4:1. C,H,.N,,C,H,N,O, requires C, 46-0; H, 41%). 
2,3,5,6-Tetramethyl-4-methylaminopyridine—The amine (64%, by catalytic reduction) 
separated from light petroleum (b. p. 60—80°) as needles, m. p. 118—119° (Found: C, 72-5: 
H, 9-5; N, 17-5. CygH,,N, requires C, 73-1; H, 9-8; N, 17-1%); it gave a picrate (yellow 
plates from ethanol), m. p. 160—161° (Found: C, 47-8; H, 4:5. CygH,gN2,CgH,N,0,,$H,0 
requires C, 47-8; H, 5-0%). 
3-Bromo-4-methylaminopyridine.—3-Bromo-4-methylaminopyridine 1-oxide, prepared in 
the usual way (62%), was a hygroscopic solid [picrate, m. p. 189—181° (decomp.) (from 
ethanol)]. Reduction by iron-acetic acid gave the amine (54%) which from light petroleum 
(b. p. 60—80°) formed needles, m. p. 92—93° (Found: C, 38-2; H, 3-8; N, 14-9. C,H,BrN, 
requires C, 38-5; H, 3-8; N, 15-0%). 
4-Dimethylamino-3-methylpyridine 1-Oxide.—4-Chloro-3-methylpyridine l-oxide (2 g.) and 
30% aqueous dimethylamine solution (20 ml.) were heated in a sealed tube at 140° for 16 hr. 
Working up as in previous cases, extraction with butan-2-one, and removal of the solvent gave 
a viscous residue. Distillation gave a viscous oil (1-6 g.), b. p. 142—144°/0-15 mm., which set 
to a hygroscopic solid when cooled in ice. The derived picrate had m. p. 130—131° (Found: 
C, 44-1; H, 4:5. C,H,.N,0,C,H,N,O, requires C, 44-1; H, 40%). 
4-Dimethylamino-3-ethylpyridine 1-Oxide—Prepared as above, this hygroscopic solid 
(53%; b. p. 178—180°/1 mm.) gave a picrate, m. p. 139—140° (Found: C, 45-9; H, 4:3. 
C,H,,N,0,C,H,N,O, requires C, 45-5; H, 43%). 
4-Dimethylamino-3-isopropylpyridine 1-Oxide.—This was a hygroscopic solid (90%), it gave 
a picrate, m. p. 151—152° (Found: C, 47-1; H, 4:7. Cj )H,gN,0,C,H,N,O, requires C, 46-9; 
H, 47%). ' 
4-Dimethylamino-3,5-dimethylpyridine 1-Oxide.—This formed hygroscopic needles (68%), 
m. p. 83—84°, from light petroleum (b. p. 60—80°). The*picrate had m. p. 115—116° (Found: 
C, 45:75; H, 4:6; N, 17:35. C,H,,N,O,C,H,N,O, requires C, 45-6; H, 4:3; N, 17-0%). 
3-Bromo-4-dimethylaminopyridine 1-Oxide.—This hygroscopic solid oxide (70%) gave a 
picrate (mustard-yellow needles from ethanol), m. p. 160—161° (Found: C, 35-5; H, 28. 
C,H,BrN,0,C,H,N,O, requires C, 35-0; H, 2-7%). 
4-Dimethylamino -3 - methylpyridine—Reduction of 4-dimethylamino-3-methylpyridine 
l-oxide (4-5 g.) with iron and acetic acid in the way described above gave the amine (3:3 g.), 
b. p. 73—75°/1 mm. (Found: C, 70-9; H, 9-0. C,H,,N, requires C, 70-55; H, 8-9%) [picrate, 
m. p. 172—173° (Found: C, 45-5; H, 4-1. C,H,.N,,C,H;N,O, requires C, 46-0; H, 4-1%)). 
4-Dimethylamino-3-ethylpyridine.—Prepared by reduction with iron—acetic acid, this amine 
(55%) was a colourless liquid, b. p. 82—83°/0-8 mm. (Found: C, 71-9; H, 9-25. C,H,,N, 
requires C, 71-95; H, 9-4%). The picrate had m. p. 118—119° (Found: C, 47-3; H, 45. 
C,H,,N,,C,H,N,O, requires C, 47-5; H, 4:5%). 
4-Dimethylamino-3-isopropylpyridine.—Prepared similarly, the amine (50%) was a colourless 
liquid, b. p. 79—80°/0-45 mm. (Found: C, 72-7; H, 9-6; N, 17-1. CypH,gN, requires 
C, 73:1; H, 98; N, 17:1%), and gave a picrate, m. p. 138—139° (Found: C, 48-7; 
H, 4:4. C, 9H,,N,,C,H,N,O, requires C, 48-85; H, 4-9%). 
4-Dimethylamino-3,5-dimethylpyridine.—Catalytic reduction of the l-oxide (2-2 g.) as 
described earlier gave the amine (1-4 g.), b. p. 69—70°/0-4 mm. (Found: C, 71-6; H, 94; 
N, 18-7. C,yH,,N, requires C, 71-95; H, 9-4; N, 18-65%) [picrate (yellow plates from ethanol), 
m. p. 172—173° (Found: C, 47-9; H, 4:9. C,H,,N.,CsgH,N,O, requires C, 47-5; H, 4:5%)]. 
3-Bromo-4-dimethylaminopyridine.—Reduction of the l-oxide (1 g.) with iron-acetic acid 
gave the amine (0-55 g.), b. p. 82—84°/0-5 mm., for which a satisfactory analysis could not be 
obtained. The picrate (yellow needles from acetone) had m. p. 182—183° (Found: C, 36:8; 
H, 2:9. C,H,BrN,,C,H,N,O, requires C, 36-3; H, 2-8%). 
x-Chloro-3-t-butylpyridine.—3-t-Butylpyridine 1-oxide (3-5 g.) was heated in sealed tubes 
with sulphuryl chloride (15 ml.) for 2 hr. at 110—120°. Excess of sulphuryl chloride was 
removed, and the residue was basified and steam-distilled. Extraction of the distillate with 
ether provided a brown oil, which by adsorption on alumina, and elution with light petroleum 
(b. p. 40—60°), gave two products, a mobile brown oil and a gelatinous brown solid. The 
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first provided a picrate, m. p. 152—153° (Found: C, 44-4; H, 3-4. C,H,,CIN,C,H,N,O, 
requires C, 45-2; H, 3-8%), and the second a picrate (a mustard-yellow solid from ethanol), 
m. p. 149—150° (Found: C, 45-2; H, 42%). 


We are grateful to Professor H. C. Brown for helpful correspondence about the preparation 
of 3-t-butylpyridine, to Dr. P. F. G. Praill for details of the preparation of 2,3,5,6-tetramethy]- 
pyridine, and to the Department of Scientific and Industrial Research for a maintenance grant. 
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962. Molecules and Ions containing an Odd Number of 
Electrons. 


By M. GREEN and J. W. LINNETT. 


The electronic distribution in simple diatomic systems containing un- 
paired electrons is discussed in terms of bond order and electronegativity, and 
shown to be consistent with the differing susceptibilities of species, such as 
CN and NO, towards dimerization. A supposition is derived, in the light of 
which molecules such as NO, and ClO, are examined. A suggestion is offered 
to account for the failure to observe OF. The stabilities of various related 
systems, such as O,~, HO,, C,0,2>, and B,F, are discussed. Finally, the 
general implications of the spin distributions induced are considered. 


TE molecule, NO, contains an odd number of electrons; yet it neither readily dimerizes 
nor decomposes to nitrogen and oxygen. On the other hand, systems such as CN and OF 
are unstable, even though they are formed from elements in adjacent groups of the first 
short period, as NO is. The triatomic molecules, NO, and ClO,, also contain an odd 
number of electrons. NO,, like NO, is relatively stable; it has a slightly greater tendency 
to dimerize, but bonding between the NO, groups is, nevertheless, weak. ClO, does not 
dimerize at all. The oxalate ion, C,0,?-, which is isoelectronic with N,O,, shows no 
tendency to dissociate into monomeric CO,°. 

The object of this paper is to examine the extent to which these observations can be 
explained. We will make use of two postulates: (A) that an electron shared by two atoms 
tends to be associated more closely with the one having the higher electronegativity, and 
(B) that an increase in total bond order involves a rise in overall binding energy. These 
two postulates will be referred to as A and B. 

The Formal Representation of NO.—According to the molecular-orbital method, the 
electronic structure of NO is KK o2s*o*2s*x2p4c02p*x*2p. In this representation, the 
orbitals 62s and o2/ are depicted as independent, though they are, of course, of the same 
symmetry and may mix. In addition the NO linkage is of bond order 2}, since the number 
of electrons in bonding orbitals exceeds that in antibonding ones by five. If one denotes 
the x-orbitals by x, and z_, the representation becomes KK o2s?o*2s*x_2p*x,2p702p*x,*2p, 
in which x, 2p*x,*2/ is what is usually called the “‘ three-electron bond.” 

The simplest of molecular-orbital methods uses linear combinations of atomic orbitals. 
If t, and ty represent atomic orbitals on atoms A and B in a diatomic molecule AB, and 
if + and +* represent corresponding bonding and antibonding molecular orbitals, it follows 
that, when this treatment is used, +t* = ¢,fy, provided that the orbitals contain electrons 
of the same spin (see, e.g., Linnett 1). Therefore in NO, if the L.C.A.O. method is justified, 
o2s*o*2s? = 2sx22so? and 7, 2p*n,*2p = 26,y2h4072p. Hence, in the three-electron bond, 
one electron appears to be associated primarily with the nitrogen atom, one primarily 
with the oxygen, while the third is mainly in the region between them, #.e., in the bond. 


It seems to us that this is best represented by N-O, the molecule being depicted by -N20-, 
' Linnett, J., 1956, 275. 
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where a line represents an electron pair. The validity of this formation is emphasized by 
separating spins in the representation: 


KK 2sy2so2p1n2p),07_2p02p (which is the grouping for a double bond and having, let us 
say, «-spin) 

KK 2sy2son,2pn_2po2p (which is the grouping for a triple bond and having, let us say, 
8-spin) 

It becomes clear that all the electrons in the system are “‘ paired,” except for those in the 


orbitals, 26,~2p,072p, viz., -N=0-, where the dot and cross represent electrons with 
opposed spins, and lines represent electron pairs. Secondly, the bond order of 2} is again 
demonstrated. In the next section, it will be shown that experimental evidence supports 
this order of bond, which indicates that the L.C.A.O. treatment is justified here. 

In valence-bond nomenclature, NO has been represented 2 -N=O-. Our represent- 
ation, however, makes it clear why the strength of a three-electron bond, which really 
only involves one bonding electron, is about half that of a conventional bond using the 
electron pair. 

CN and NO.—The simplest structure of the CN radical in the molecular-orbital method 
is KK o2s*o*2s*x2pte2p. There are thus five more electrons in bonding orbitals than in 
antibonding ones, giving a bond order of 24. The corresponding valence-bond picture is 
-C=N-. However, configurational interaction could occur between the wave function 
above and KK o2so*2s*n2p4e2?, which has a higher bond order. In valence-bond terms, 
the new wave function corresponds roughly to a hybrid of -C=N- and -C=N+. The higher 
bond order ought to make these structures quite significant (see postulate B). However, 
the first is more likely to be a contributing structure for it does not contravene postulate A 
in the way the second does. The closeness to a bond order of three in CN is shown by the 
C-N distance of 1-17 A found in the radical, compared with 1-15 A in HC=N and 1-27 A in 
(CH,°C=N-OH),. (Bond lengths, unless otherwise stated, are taken from Sutton e¢ al., 
“Tables of Interatomic Distances and Configuration in Molecules and Ions.” The 
Chemical Society, London, 1958.) The structure -C=N- derived from the postulates is 
thus supported by experimental evidence, so that one may say that in the CN radical, the 
“ odd ” electron tends to be localized on the carbon atom. 

In NO, configurational interaction (or resonance) could conceivably occur also, viz.: 


KK o2s*o*2s*n2pto2p*x*2p or -N=O- 
KK 02s*o*2sx2p402p2x*2po*2p corresponding roughly to -N=O= and =N=0- 


In the second group of representations there is a lower bond order than in the first, so that 
they will tend to be unimportant (postulate B). The bond length of 1-15A in NO, 
compared with 1-06 A in NO‘, supports a bond order of 2}. Thus postulate B is supported 
at the expense of A. However, the difference in electronegativity between nitrogen and 
oxygen ® is only 0-5. We will show later that postulate A becomes important only when 
the electronegativity difference becomes one or greater. The bond order of 2} demonstrates 
that an L.C.A.O. treatment such as is given in the previous section is sound and that the 
pictorial representation we have suggested is realistic, if the difference in electronegativity 
in the molecule concerned is not too great. 
Dimerization of CN and NO.—When two CN radicals dimerize to cyanogen, viz.: 


2-C=N- (or -C=N-) —» N=C-C=N 


there is an increase of at least one in the total number of bonds. It is not surprising that 
cyanogen is much more stable at ordinary temperatures than the radical (see postulate B). 


? Pauling, ‘‘ The Nature of the Chemical Bond,” Cornell Univ. Press, 1960, p. 344. 
5 Ref. 2, p. 90. 
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However, nitric oxide hardly associates to N,O, at all in the gas phase, though on 
liquefaction a dimer is formed. The bond is weak; AH = 3-7 kcal./mole (Smith and 
Johnston 5). Dulmage, Meyers, and Lipscomb * have shown the dimer to be planar; they 
find that the mean distance between the NO monomers is 2:40 A, but were unable to tell 
whether the structure is shaped like a rectangle, parallelogram, or trapezium. Nor were 
they able to discover whether the long bonds were between N and N, or between N and O. 
Fateley, Bent, and Crawford’ have detected spectroscopically cis- and érans-dimers, 
ONNO, using a matrix technique. One would expect the dimer to have the structure 


-0=N-N=0, since then each atom exerts its conventional valency and carries a formal 
charge of zero, which is not possible in NONO or NOON. This molecule involves five 
bonds, which is the same as that in two molecules of nitric oxide: 


— | 
2-N20-—» O=N-N=O 


It is not surprising that the energy of reaction is so small (postulate B). 

Alternatively, the situation may be regarded in the following way. To form the 
N-N bond each nitrogen atom must assume a share of an additional electron from the 
other nitrogen atom. However, if there were no adjustment of electronic structure this 
would result in each nitrogen’s having a valency shell of nine electrons. This shell is 
reduced to eight by transferring one of the NO bonding electrons to the oxygen atom. 
Therefore the N-N bond can only be formed by weakening the two NO bonds by 
an equivalent amount. In CN dimerization, no “ weakening” occurs; the association 
is much more akin to the combination of two chlorine atoms or two methyl radicals. 

The Oxygen Molecule.—The molecular-orbital representation of the ground state of 
O, is: 

7 KK o2s%o*2s?n2pto2prnt2p2 
which is equivalent to: 


KK 2s,22s p°2p4,2p + plp_»2p_nr, 2pr_ 2p o2p? 
This can be split according to spin into: 


KK 2s,2sp2p, a2psn2p-,2p_pa2p 30-0: 
KK 2s,2syr,.2pn_2po02p “O20: 


Hence the best simple diagram of the structure of the ground state of O, is -0:0-, a 
modified form of -O3:O0-, suggested by Pauling. Any dimer of O, would be expected to be 
weak, for the reasons already given in the section on NO. Lewis® has estimated the 
energy of dimerization of O, to be 128 cal./mole. 

The diatomic molecule NF is isoelectronic with O,. It does not exist, though the dimer 
F-N=N-F is known. From the structure of O, and our supposition, the electronic 
structure of NF would be expected to be -N+F-. This structure, like O,, would be 
reluctant to dimerize as there would be no rise in bond order during the process (postulate 
B). However, the difference in electronegativity * between the atoms of NF is 1-0, as 
opposed to 0-5 in NO. This large difference makes it very likely that some localization of 


the unpaired electrons occurs on to the fluorine atom, so that structures -N+F= and even 
-N-F= are more important in the resonant hybrid, in spite of the reduction of bond order 


* Smith, Keller, and Johnson, J. Chem. Phys., 1951, 19, 189). 
5 Smith and Johnson, J. Amer. Chem. Soc., 1952, 74, 4696. 

* Dulmage, Meyers, and Lipscomb, Acta Cryst., 1953, 6, 760. 
? Fateley, Bent, and Crawford, J. Chem. Phys., 1959, 31, 204. 
® Ref. 2, p. 353. 

* Lewis, J. Amer. Chem. Soc., 1924, 46, 2027. 
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involved and contravention of postulate A. On dimerization of either of these last two 
forms, there would be an increase in bond order (postulate B). 

It is now possible to formulate a supposition: that in a molecule containing one or 
more unpaired electrons, the unpaired electron tends to be localized on one atom if there js 
a consequent increase in bond order or if that atom has a high electronegativity relative to 
the others, otherwise it tends to be delocalized. In practice a high electronegativity 
difference appears to be unity or greater. The supposition is seen to follow from postulates 
A and B. 

Either directly from the supposition or indirectly by means of the postulates, as has 
already been shown, it follows that the structures below predominate in the respective 
forms of CN, NO, and NF: -C=N-, -N:0-, -N+F= (or -N-F=). The electronic distribution 
in these structures determines the bond order of the monomeric form. The order of 
magnitude of the dimerization is decided by the change in bond order, when association 
occurs. The validity of the supposition will now be tested by application to other systems, 

Application of the Supposition.—In the ion, O,~, there is no difference in electro- 
negativity between the atoms. The supposition therefore indicates a structure =0~(= 
with a bond of order of 14, as opposed to a hybrid of =0-O= and =0-O=. Dimerization 
would not be accompanied by a rise in total bond order and so would not be expected 
(postulate B). In KO,, the anion is in fact O,~, not O,?~, which explains the paramagnet- 
ism shown by the substance. The bond length of 1-28 A, which is intermediate between 
that in HO-OH (1-48 A) and in O, (1-21 A), supports the order of 14. 

The radical OF is isoelectronic with O,~. The electronegativities of nitrogen, oxygen, 
and fluorine are 3-0, 3-5, and 4-0 respectively. The radical OF would be expected to 


have the structure =O*F=, which would be analogous to -N+0-. As for NO and 0, 
dimerization would involve no rise in overall bond order. The dimer O,F, can be kept at 
temperatures below —100°. Like N,O,, it is unstablé at room temperatures. However 
the products of decomposition are O, and F,, not OF. The radical OF has never in fact 
been observed." The failure to detect it is discussed below. 

The radical HO,, believed to be a fairly stable intermediate in the hydrogen—oxygen 
reaction, is the conjugate acid of O,~. If the bond order in O,~ is 1} and the electron 
distribution for electrons of each spin round each oxygen atom is tetrahedral, then there 
will be electrons of opposed spins at an angle of 55° (} x 109}°) and at 70° (7.e., 180°— 
109}°) to the O-O axis. They would be placed sufficiently close to hold a proton without 
reduction of the OO bond order. Thus HO, is not very different from O,~ in electron 
distribution. 

The ion CO~ is isoelectronic with NO. Of the contributing structures -C+0- 
and -C=0-, the greater electronegativity difference between C and O than between N and 0, 
would probably make the second the more important (cf. the supposition). Dimerization 
would, therefore, be likely as there would be an increase in total bond order (postulate B). 


In (-0=t-C=0=)2- the negative charge formally resides entirely on the carbon atoms, 
which therefore show a great affinity for protons, glyoxal being formed. It seems thus 
unlikely that CO~ or its dimer will be prepared. 

It would be interesting to know whether the ion OF* is stable, for in it the electro- 
negativity difference between the two atoms is less than in NF. The most important 
structure would be -O:F-, according to the supposition. It is intended to investigate 
whether OF* can be shown to exist in some suitable solvent. 

The Stabilities of NO and OF .—At room temperature, NO is observed, even though it is 
thermodynamically unstable. OF, however, has not been detected. This failure to 


1 Ruff and Menzel, Z. anorg. Chem., 1933, 211, 204. 
11 Frisch and Schumacher, Z. anorg. Chem., 1936, 229, 423. 
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observe OF suggests that there is a reaction course open to it, over which NO cannot pass. 
A four-centre transition state would satisfy this requirement: 


—A ee -- s * | i 
=0*F= =0-F= ? *F= 8 F 

+- aa *-. ——> ao ele + | 
ee =0-F= =O + F= Or F 
=O*F= . . . . ! w 


The difference in order of individual links between the two transition states is only 4, so 
that a change from one to the other ought not to be difficult. (There could even be a 
resonance hybrid of the two forms, which would further lower the energy of activation.) 

A four-centre mechanism involving NO would follow a course: 


+ed- ws -~it-d a. 
+ — +: —~ | 7 —> i +7 
-N26- a 6 a 2 10% 


In this case there is a large change in bond distribution during the transition, so the 
reaction seems unlikely. 

HO, is isoelectronic with OF. The former has been identified but not the latter. 
HO, is fairly readily ‘‘ reflected *’ by glass surfaces. However, fluorine compounds such 
as F, and HF attack glass. A similar behaviour by OF would make it much more difficult 
to detect than HO,, for it would be destroyed at the wall of the reaction vessel. 

It is notable that the O,~ ion, except in the strong electron-donating atmosphere of one 
of the heavier metals from Group Ia, yields O, and O,*-. The reaction is electronically 
similar to OF, giving O, and F,. 

The Molecule NO,.—If our supposition is extended from diatomic molecules to tri- 
atomic, no localization of unpaired electrons is to be expected in cases where 
electronegativity differences are small, ¢.g., in NO, and ClO,, but it is probable if the 
difference is larger, e.g., in the hypothetical ion CO,~. 

A molecular-orbital treatment of NO, has been carried out in a previous paper,” in 
which it was shown that the unpaired electron is most probably in an a,-orbital. The 
valence-bond hybrid consists of several forms. Application of our supposition leads to 
=0*N=O= and =O=N+0= as the most probable forms, for in them the bond orders are 
higher than in the other structures. The electronegativity difference between nitrogen 


and oxygen is not great enough to offset the fall in bond order in =0-N=O= and =O=N-O=, 
In =0-N=0= and =0=N-O= localization has occurred on to the more electropositive atom. 
Therefore, these last two pairs of structures seem unlikely. 
Dimerization occurs by the formation of a long (1-75 A) weak N-N bond; #* the energy 
of dimerization ! is 12-9 kcal./mole. Our molecular-orbital treatment indicated that the 
N-N bond was primarily a o-bond, though interactions between the x- 
N ys electrons on the two NO, groups would keep the molecule planar. The 
valence-bond approximation would describe the dimer as inset, involving 
a resonance with three other equivalent structures. However, they have 
the unsatisfactory feature that the nitrogen atoms both carry a formal 
charge of +1. 
The behaviour of NO, is very like that of NO. Both molecules contain an unpaired 
electron, which is not localized on any atom, viz., -O=N*0= (resonating with =0*N=0=) 
and -N=O-. In both systems, dimerization leaves the bond order unchanged (five for 


pre 


12 Green and Linnett, Trans. Faraday Soc., submitted for publication. 
%8 Smith and Hedberg, J. Chem. Phys., 1956, 25, 1282. 
™ Giauque and Kemp, J. Chem. Phys., 1938, 6, 40. 
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2NO —» N,0O, and seven for 2NO, —» N,0,). It is not surprising that the energy of 
dimerization in each case is small. In NO, the electrons of one spin have the configur- 
ation :O:N:O:, corresponding to (let us say) a total a-electron bond order of 4, while 
those of 8-spin are distributed :0-N‘O: (or :O°N-Oi) giving an order of 3. The mean is 
thus 34. The electrons around the nitrogen atom in the first case can only have a tetra- 
hedral distribution in a linear molecule, so that when the molecule is bent, the total bond 
order effectively falls below 34. This may explain why the energy of dimerization of 
NO, is larger than that of NO. 

The oxalate ion C,0,?-, which is isoelectronic with N,O,, shows no tendency to dis- 
sociate into CO,-. The C-C bond has a normal length of 1:54 A. In the hypothetical 
monomer CO, the difference in electronegativity between carbon and oxygen is greater 
than that between nitrogen and oxygen. Therefore, our supposition indicates that some 
localization of the unpaired electron system will occur. Hence =0-C=O= becomes more 
important than =0=C*0=, as compared with NO, where the situation is reversed. The 
ion CO,~ thus would have a total bond order tending towards three. As the oxalate ion 
has an overall bond order of seven, it is not surprising that it is stable. 

The molecule B,F, is isoelectronic with N,O, and C,0,2-. It is planar in the crystal 
state when the B-B and B-F bond lengths are 1-67 and 1-32 A respectively.5 In CH,BF, 
the C-B and B-F bond lengths are 1-60 + 0-03 and 1-30 + 0-02 A, so that there seems 
to be little difference between the BF bond lengths in the two compounds. If it is 
supposed that the normal single-bond radius of carbon is 0-77 A, then in CH,BF, boron is 
apparently exhibiting a single-bond radius of 0-83 A which means that the normal B-B 
distance to be expected in B,F, would be 1-66 A, agreeing satisfactorily with the observed 
length of 1-67A. There does not, therefore, seem any reason to regard B,F, as any- 
thing other than (A), though there may be some increase in the strength of BF bonds 
in B,F, by contributions from structures such as (B) and (C). This does not affect the 
order of the B-B bond directly. The planarity may be due to crystal forces, for B,C], is 
planar in the solid state,!* but “ skew ” in the liquid and the gas phase.!” 


NI \4 i \Y \ \4 
Na ~ _ Np a i "4 a 
Z| |\ | |» | [\ 


Chlorine Dioxide —Our supposition would not localize the unpaired electron system in 
ClO,, so this molecule would not be expected to dimerize easily. However, the position 
may be complicated by d-orbitals. If, however, one neglects these, the unpaired electron 
can be placed by using a suitable correlation diagram. Mulliken,’* Walsh,!® and we our- 
selves #2 all place it in a },-orbital, i.¢., one having the plane of the molecule as a node. 
Pairing of this electron could only result in a x-bond. Therefore, it is not surprising that 
Cl,0, does not exist. 

Electron Distribution —It has been shown that in a three-electron bond, it is reasonable 
to think of the electrons as being widely spaced in some molecules, such as NO, in which 
the total spin is larger than zero. Now one of the limitations of the valence-bond method 
is that paired electrons are not allowed sufficient freedom of independent ‘‘ movement,” 
in the way in which they are in a molecular-orbital description. One could overcome this 
difficulty to some extent by supposing that electrons were not necessarily paired, even in 


18 Trefonas and Wheatley, J. Chem. Phys., 1958, 28, 54. 

16 Atoji, Wheatley, and Lipscomb, J. Chem. Phys., 1957, 27, 196. 
17 Mann and Fano, J. Chem. Phys., 1957, 26, 1665. 

18 Mulliken, Rev. Mod. Phys., 1942, 14, 204. 

1 Walsh, J., 1953, 2266. 
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systems where the total spin was zero. Thus in the resonance hybrid of O,, one might 
U4 4 Ta 


- e 
: af W a . ; 
include in addition to 4 and -0¢ a structure such as < . The last 


\ S aN 

type of form, as well as allowing electrons greater “‘ independence,”” would give a clearer 
impression of the bond order. It is inevitable in molecules such as NO, and it is very 
possible that it should not be overlooked in systems containing an even number of electrons. 

Conclusion.—In this paper, it has been demonstrated that one can explain the behaviour 
of simple radicals and molecules containing unpaired electrons by means of two simple 
postulates, namely, A and B, stated in the introduction. Moreover these postulates are 
in themselves reasonable. They are combined to form a supposition, which determines 
electronic pattern. The electronic patterns derived give bond orders which are consistent 
with observed bond lengths. It is possible next to decide whether the energy of dimeriz- 
ation will be large or small depending whether there is an overall increase in bond order or 
not when the process occurs. Though electronic distribution, bond order, and bond 
energy are different concepts, they are nevertheless concomitant. We have shown that it 
is possible to induce from simple concepts electronic patterns compatible with energies of 
dimerization that are observed. 
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963. Hydrogen Bonding in Alkyl- and Aryl-ammonium Salts.* 
By R. H. NuttTai, D. W. A. SHarp, and T. C. WADDINGTON. 


The infrared spectra of a range of alkyl- and aryl-ammonium salts have 
been studied, particular attention being paid to the N—H stretching and N-H 
deformation frequencies. In salts where there is no cation—anion hydrogen 
bonding the N-H stretching frequencies occur well above 3100cm.. Except 
for triphenylammonium fluoroborate, fiuoroborates and tetraphenylborates 
are not hydrogen-bonded. 


Previous infrared studies on alkyl- and aryl-ammonium salts have been largely 
concerned with their halides.~7 The N-H stretching frequencies occur below 3100 cm.*, 
generally below 2900 cm.*, and it has been concluded that the shift from the normal 
value for N-H stretching frequencies of 3300 to 3500 cm. 8 is because of hydrogen bonding 
between cation and anion, a conclusion supported by structural studies on this type of 
salt. It has been suggested}? that in substituted ammonium salts where there is no 
hydrogen bonding the N-H symmetrical stretching frequencies would occur in the region 
3000—3200 cm.1; this paper describes attempts to verify this and to investigate the 
variation in occurrence of hydrogen bonding with change in anion. 

The factors involved in the formation of hydrogen bonds in ammonium salts have been 
discussed by Chenon and Sandorfy ? in terms of the ionic and covalent character of the 
various contributing structures. For an *N-H---X~ bond the major contribution is 


Presented in part at the International Symposium on Fluorine Chemistry, Birmingham, July, 1959. 


* 

1 Ebsworth and Sheppard, Spectrochim. Acta, 1959, 18, 261. 

* Chenon and Sandorfy, Canad. J. Chem., 1958, 36, 1181. 

* Brissette and Sandorfy, Canad. J. Chem., 1960, 38, 34. 

* Waldron, J. Chem. Phys., 1953, 21, 734. 

5 Stone, Cymerman-Craig, and Thompson, /., 1958, 52. 

* Bellanato and Barcelo, Anales real Soc. espa. Fis. Quim., 1956, 52, B, 469. 

? Heacock and Marion, Canad. ]. Chem., 1956, 34, 1782. 

® Bellamy, ‘“‘ The Infrared Spectra of Complex Molecules,’ 2nd edn., Methuen, London, 1958. 
* Donohue, J. Phys. Chem., 1952, 56, 502. 
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from an electrostatic component, *N-H---X~. If X is part of a complex anion, ¢.g,, 
BF, or BPh,~, the charge on X will be relatively small and this term will be correspond- 
ingly weak. Contributions such as N *H --- X~ and N H-X, which involve H-X bonds, 
depend markedly upon the strength of the acid HX. Complex fluoro- and chloro-acids are 
generally so strong that they do not exist in the absence of bases to solvate the proton; 
this factor again reduces the strength of hydrogen bonds in ammonium salts of complex 
acids. On this basis, in a series of substituted ammonium salts, halides, where both 
electrostatic and covalent terms are favourable, would be expected to show hydrogen 
bonding, but tetraphenylborates where both terms are unfavourable—free tetrapheny 
boric acid immediately decomposes °—would be expected not to be hydrogen bonded. 
Fluoroborates should generally not be hydrogen bonded because of the absence of the 
covalent term—HF and BF, do not interact in normal circumstances —but it is conceiy- 
able that with a strongly polarising cation the anion may be distorted into some sort of 
bonding. Unsubstituted ammonium halides show evidence of hydrogen bonding; the 
fluoroborate and tetraphenyborate are not hydrogen bonded. 

It is difficult to be precise when considering hydrogen bonding but we have used the 
position of the N-H infrared bands for diagnosis. Where possible, we have used the 
spectra of tetraphenylborates as standard spectra of unassociated salts. We have not 
considered in any detail the bands which occur near 2000 cm.* in the spectra of many of 
the salts; Chenon and Sandorfy ? consider that these bands result from a combination 
between a scissoring mode and an anharmonic vibration near 400 cm.*. 

Tertiary Ammonium Salts.—Trimethylammonium salts. The infrared bands observed 
for these salts and also for triethylammonium fluoroborate in the range 4000—2000 cm. 
and also the position of the N-H deformation frequency near 1430 cm.* are given in 
Table 1. In the 4000—2000 cm. region there will be bands due to C-H symmetrical 
stretching vibrations and also C-H combination and overtone modes in addition to the 
N-H frequencies. These C-H modes remain at 3030w, 2960s, 2930s, and 2850w cm.* for 


TABLE 1. Infrared spectra (cm.*) of trimethylammonium salts. 








Anion VN—H Vo-H UN-H by-n 
ee eS sade. tone 3010 2965s 2930 ~~ 9780s = s:1430 
FIRS esees pace 4 - 3020 2960s 2930 2730s «1420 
BPh,- | 3130s  3060* 3030 3000s 4 2720 i 1420 
PF,- 3230s ‘ins ‘ane <i 2930s 2860 ae 1423 
BF,- .. 3200s wii jar te 2930s 2850 te 1420 
Cl0,- ..... 3150s oo wa ok 2930s 2800 oon 1418 
Et,NHBF, ......... 3150s ~~ es 2975s 2942 yas a 1425 
Me,NDBF, ........- +: ie - on 2930s — 2450, 2400, 


2375 
s = strong. * This peak also contains contributions from the spectrum of the anion. 


salts with different anions and also on N-deuteration of trimethylammonium fluoroborate; 
not all these bands were resolved in all the salts. In salts in which hydrogen bonding is 
unlikely there is a very strong band at about 3200 cm. which we assign to the N-H 
symmetrical stretching mode. The position of this band varies slightly from one salt to 
another, but these small shifts are probably due to minor variations in the crystal field at 
the site of the N-H bond (cf. changes in the N-O frequency of nitrosyl chloride when 
dissolved in solvents of different dielectric constant *). The peak is sharp and well defined, 
but on deuteration of the fluoroborate the band splits and moves down to about 2400 cm.* 
(vq/vp = 1-33). A similar splitting has been observed in the spectrum of N-deuterotri- 
methylammonium iodide and was attributed to Fermi interaction between the N-D 
vibration and overtone and summation bands.! 

Rg Wittig, Keicher, Riickert, and Raff, Annalen, 1949, 568, 110; Wittig and Raff, ibid., 1951, 573, 


195. 
11 McCaulay and Lien, J. Amer. Chem. Soc., 1951, 78, 2013. 
12 Waddington, J., 1958, 4340. 
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The spectra of trimethylammonium bromide and iodide show no peaks at 3200 cm.7, 
put instead there is a strong peak at 2730 cm.1; this band has been recorded at even lower 
frequencies in the spectra of trimethylammonium chloride * and other trialkylammonium 
chlorides.2. There is a very weak band at 2720 cm.* in the spectrum of trimethylammon- 
jum tetraphenylborate but this is probably a combination band. 

The N-H deformation frequency occurs near 1420 cm.* in the spectra of all the salts 
studied; it does not appear to be sensitive to the presence of hydrogen bonding. On 
deuteration of trimethylammonium fluoroborate this band moves under the strong fluoro- 
porate absorption at 1050 cm.*. 

We conclude that these spectra are in agreement with the presence of strong hydrogen 
bonding in the trimethylammonium halides but not in the other trimethylammonium salts 
studied. 

Pyridinium salts. The infrared peaks which occur between 4000 and 2000 cm. in the 


spectra of the salts studied are given in Table 2. The peaks between 3080 and 2850 cm. 


TABLE 2. Infrared spectra (cm.*) of pyridinium salts. 





Anion VN-H VC-H YN-H 

— en cE -_ ee — ¢ aon a) 
SUE acess recs 3200w _- 3120sh 3045m 2925s 2840s 2450s 
BP eheineeeser 3210w 3180w -= 3040m 2930s 2860w 2650b 
i cansntavese 3210w 3160w 3100w 3060m 3020s 2950s 2870b 
NO ....s...- 3230w 3170w 3100w 3070m 2960s 2730b 
Billa Scs0eeee. 3230w 3180w -= 3080m _- 2800b 
CH,SO,- ... 3220w 3160sh — 3080m 2920s 2850w 2700b 
MG? ...... 3230s 3160s 3110s 3080m 3050s — 
GO ceccceees 3255s 3180s 3110s 3080m 2980s 2930s — 
BPh,.” .....--.- 3230s 3178s 3130s 3058m 3010s 2930s 2860w 
BME. qecgeeses 3250w 3160s 3120s 3080m 2900s 2827w 
DUE 6602.5... 3240s 3130s 3100s 3090m 2960s 2930s 2800w 
BEES <escceeee 3230s 3190s 3110s — 2920s 2870w 
pyDBF, ...... _ —- - 3080m 2900s 2827w 2450s, 2405s, 

2325s 


w = weak, m = medium, s = strong, sh = shoulder, b = broad, py = pyridine. 


are due to C-H modes.§ Three peaks due to N-H vibrations occur above 3100 cm.* in 
the spectra of all salts studied, whether hydrogen bonded or not; these peaks are of very 
low intensity in salts which might be expected to be hydrogen bonded but are of high 
intensity in the tetraphenylborate and other salts in which the tendency to hydrogen 
bonding should be small. On deuteration of pyridinium fluoroborate these bands shift to 
about 2400 cm. (vg/vp = 1-32, 1-32, and 1-29 for the 3250, 3160, and 3120 cm.* band, 
respectively). In the halides and other salts where hydrogen bonding can be expected 
there is an additional, intense, broad band well below 3000 cm.. The infrared spectra of 
pyridinium salts below 2000 cm.* are complex and will be discussed separately. 

From the spectra, the presence of the strong band below 3000 cm. being taken as 
diagnostic of hydrogen bonding, we conclude that pyridinium halides, nitrate, bifluoride, 
and methanesulphonate are hydrogen bonded but that the other salts that we have studied 
do not have this type of cation—anion interaction. The presence of N-H peaks above 
3100 cm." in the spectra of salts in which there is hydrogen bonding suggests that either 
there are some non-associated cations in these salts or, more likely, that there is a double- 
well effect in the potential energy-interatomic distance curve for the hydrogen bonds in 
these compounds (cf. ref. 15). 

Triarylammonium salts. The infrared spectra from 4000 to 2000 cm. of the salts 
studied are recorded in Table 3. There is a series of peaks near 3000 cm. which are assigned 
to C-H vibrations and the N-H peaks are widely split and occur between 2850 and 

18 Lord and Merrifield, J. Chem. Phys., 1953, 21, 166. 


4 Gill, Nuttall, Scaife, and Sharp, J. Inorg. Nuclear Chem., in the press. 
%® McKinney and Barrow, J. Chem. Phys., 1959, 31, 294; Bell and Barrow, ibid., pp. 300, 1158. 
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2400 cm.. Since triarylamines are such weak bases,"* it is possible that the N-H bond in 
triarylammonium salts is excessively weak and that the frequencies fall in the observeg 
region without the necessity of invoking hydrogen bonding. Triarylammonium tetra. 
phenylborates have not been prepared, so a direct test of this cannot be made but, since 


TABLE 3. Infrared spectra (cm.“) of triphenylammonium salts. 


YO-H VN-H bx-a 
—™s 


—— c we 
3015 2930 2842 2738 1391 
3038 2888 2795 1380 
3060 3038 2920 2850 2805 2710 1380 
2883 2800 2705 2483 1390, 1375 
2855 2790 2700 2580 25603 1378 
2882 2811 2710 2592 2522 1385 


3045 2910 2240 2165 2065 — 
All peaks of approximately equal intensity. The most intense peak in the N-H region is italicised, 





these spectra are broadened in the manner of known hydrogen-bonded ammonium salts, 
and since the frequency of the vibrations is influenced by the anion, we consider that 
these spectra imply the existence of strong hydrogen bonds in all the triarylammonium 
salts that we have studied. If the position of the principal band is taken as a measure of 
the strength of the hydrogen bonding, the fluoroborate and the chloroantimonite are the 
least strongly associated. In N-deuterotriphenylammonium fluoroborate the N-H 
have shifted to about 2100 cm.+ (vg/vp = 1-28, 1-26, and 1-27 for the 2842, 2738, and 
2655 cm. peak, respectively). The N-H deformation frequency at 1391 cm.* moves 
under the fluoroborate band at 1050 cm.* on deuteration. 

Secondary and Primary Ammonium Salts.—The infrared spectra over the range 4000— 
2000 cm. of the salts studied are recorded in Table 4. Anilinium and #-toluidinium 


TABLE 4. Infrared spectra (cm.*) of primary and secondary ammonium salts. 


Me,NH,BF, 3257s, 3010, 2935, 2860, 2790, 2450 
3140s, 3045, 2995, 2760 
3275, 2926, 2854, 2772, 2560, 2470 
3175, 3130, 3043, 2955, 2915, 2875, 2775, 2556 
3175, 3075, 2925, 2845, 2583, 2485 
3215, 2923, 2850, 2600, 2325 
3195, 3070, 3010, 2920, 2845, 2620 


tetraphenylborates were precipitated from solution as hydrates and, as there would 
certainly be hydrogen bonding between the ammonium ions and water, these cannot be 
used as spectra of non-hydrogen bonded salts. The isolated ions should give two N-H 
frequencies near 3000 cm... Previous work on the alkylammonium halides has placed 
these frequencies at 3080 and 2980 cm.+ in methylammonium chloride,‘ at 2965 and 
2745 cm. in dimethylammonium chloride,! and at even lower frequencies for other alkyl- 
and aryl-ammonium halides.** By analogy with previous assignments we consider that 
the N-H vibrations in dimethylammonium fluoroborate absorb at 3257 and 2790 cm.7 
(3140 and 2760 cm." in the tetraphenylborate) (values in parentheses throughout this 
section refer to the tetraphenylborates), the bands at 3010 (3045), 2935 (2995), and 
2860 cm.“ being C-H modes. In the spectrum of methylammonium fluoroborate only the 
3275 (3175) cm. band has been definitely assigned to an N-H vibration; the second N-H 
vibration may have become accidentally degenerate with the first or, more probably, is 
under one of the C-H bands which occur at 2926 and 2854 (3050, 2990) cm.1. The spectra 
of all the salts considered in this section contain weak bands below 2800 cm.+. These 
bands are not as strong or as broad as those observed in the spectra of hydrogen-bonded 
salts, and it is very probable that they are combination and overtone frequencies as are 
observed in this region of the spectra of many hydrocarbon derivatives.»® 
%* Kemmitt, Nuttall, and Sharp, J., 1960, 46. 
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The spectra of aryl-substituted secondary and primary ammonium salts look more 
complex because of the presence of broad, moderately strong bands below 2800 em.". 
The spectra of the fluoroborates show a strong band above 3100 cm.* which we assign to 
one of the N-H vibrations. The other N-H frequency has not definitely been identified 
put probably occurs below 2900 cm. and is responsible for exciting combination modes 
and overtones to give moderately strong peaks in this region. Since all the salts have a 
strong band above 3150 cm." we conclude that there is no evidence for hydrogen bonding 
in any of the primary or secondary ammonium fluoroborates. 


EXPERIMENTAL 


Infrared spectra were measured in hexachlorobutadiene or Nujol mulls by using a Perkin— 
Elmer model 21 spectrophotometer fitted with rock-salt or fluorite optics. 

Fluoroborates were generally prepared from the parent amine and aqueous fluoroboric acid, 
followed by recrystallisation from ethanol (Found, for trimethylammonium fluoroborate: C, 
24-7; H, 6-9. Calc. for C;H,,NBF,: C, 24-5; H, 6-8. Found, for triethylammonium fluoro- 
porate: C, 38-2; H, 8-4. Calc. for C,H,,NBF,: C, 38-1; H, 8-5. Found, for diphenylammon- 
jum fluoroborate: C, 55-5; H, 4-6. Calc. for C,,H,,NBF,: C, 56-0; H, 4:7. Found, for 
anilinium fluoroborate: C, 39-8; H, 4-7. Calc. for CHH,NBF,: C, 39-9; H, 4:5. Found for 
p-tolylammonium fluoroborate: C, 40-8; H, 5-5. Calc. for C,H,,NBF,: C, 42-4; H, 5-1%). 
Deuterations were effected by crystallisation from 99% D,O. 

Dimethylammonium fluoroborate was prepared from dimethylamine and fluoroboric acid. 
It was recrystallised from dry ethanol and subsequently handled in the “ dry-box.”’ Since-it 
is extremely deliquescent, analysis was not attempted; the infrared spectrum showed no traces 
of water or other impurites. 

Pyridinium fluoroborate was prepared by hydrolysis of pyridine—boron trifluoride in 95% 
ethanol}? (Found: C, 36-0; H, 3-6. Calc. for C-H,NBF,: C, 36-0; H, 36%). Tripheny]l- 
ammonium fluoroborate and all other triarylammonium salts were the samples prepared and 
analysed previously.® 18 

Tetraphenylborates were prepared by precipitation from aqueous solutions of the amine 
hydrochloride and sodium tetraphenylborate (Found, for trimethylammonium tetrapheny]l- 
borate: C, 85-8; H, 8-2. Calc. for Me,NHBPh,: C, 85-6; H, 8-0. Found, for pyridinium 
tetraphenylborate: C, 87-2; H, 6-9. Calc. for CLH;NHBPh,: C, 87-3; H, 6-6. Found, for 
dimethylammonium tetraphenylborate: C, 86:0; H, 8-0. Calc. for Me,NH,BPh,: C, 85-7; 
H, 7:8. Found, for methylammonium tetraphenylborate: C, 86:0; H, 7:9. Calc. for 
MeNH,BPh,: C, 85-7; H, 7-5%). Anilinium and #-toluidinium tetraphenylborates were 
precipitated as hydrates and were not studied further. Di- and tri-phenylammonium tetra- 
phenylborates could not be prepared. Perchlorates were prepared from solutions of the amine 
in aqueous perchloric acid. After decomposition with sodium hydroxide, perchlorate was 
estimated by precipitation as the tetraphenylarsonium salt (Found, for trimethylammon- 
ium perchlorate: ClO,, 61-8. Calc. for C;H,,)NCIO,: ClO,, 62-2. Found, for pyridinium 
perchlorate: ClO,, 55-6. Calc. for C;sH,NCIO,: ClO,, 55-4%). Amn aqueous solution of hexa- 
fluorophosphoric acid was prepared by passing a solution of the sodium salt over a cation- 
exchange resin. Hexafluorophosphates were prepared from solutions of the amine in the acid 
(Found, for trimethylammonium hexafluorophosphate: C, 18-0; H, 5:2; N, 65. Calc. for 
C;H,NPF,: C, 17-6; H, 4:9; N, 6-8. Found, for pyridinium hexafluorophosphate: C, 27-5; 
H, 2-65; N, 6-5. Calc. for C;SH,NPF,: C, 26-7; H, 2-7; N, 62%). Trimethylammonium 
chloride and bromide were prepared by freeze-drying aqueous solutions which had been made 
from the amine and free acid .[Found, for trimethylammonium chloride: Cl, 37-4. Calc. for 
C,H, NCI: Cl, 37-1. Found, for trimethylammonium bromide: Br, 60-3. Calc. for C;H,,NBr: 
Br, 56-8°%, (this sample contained a slight excess of hydrogen bromide)]. The trimethylammon- 
ium iodide was a commercial sample. Pyridinium nitrate was prepared by freeze-drying an 
aqueous solution of the salt (Found: N, 19-0. Calc. for C;H,N,O,: N, 19-7%). Pyridinium 
hydrogen fluoride was obtained by dissolving pyridine in an excess of aqueous hydrofluoric acid, 
evaporation, and drying at 120°. Fluorine was estimated gravimetrically as PbCIF (Found: 
F, 32-4. Calc. for C;H,NHF,: F, 31-8%). Pyridinium methanesulphonate was prepared 


17 Van der Meulen and Heller, J. Amer. Chem. Soc., 1932, §4, 4404. 
8 Sharp, Chem. and Ind., 1958, 1235. 
7x 
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from a solution of pyridine in the acid (Found: C, 40-7; H, 5-5; N, 7-6. Cale. for 
CsH,NSO,CH,: C, 41-1; H, 5-2; N, 80%). Pyridinium hexachloroplumbate was made as 
described by Palmer ! (Found: C, 20-6; H, 2-3; N, 4-9%; M, 578. Calc. for (C; H,N),PbCl,: 
C, 20:7; H, 2-1; N, 48%; M, 580]. Pyridinium chloride, bromide, and iodide were made by 
condensing excess of the dry hydrogen halide on to anhydrous pyridine at liquid-nitrogen 
temperatures and allowing the solids to warm very slowly. In the case of the chloride the 
pyridinium hydrogen dichloride formed initially was decomposed by heating in vacuo to 109° 
(Found, for pyridinium chloride: Cl, 30-4. Calc. for C,H,NCl: Cl, 30-7. Found, for pyridinium 
bromide: Br, 49-3. Calc. for C;H,NBr: Br, 49-8%. Found, for pyridinium iodide: I, 61.9, 
Calc. for C,H,NI: I, 61-4%). Pyridinium tetrachloroborate was prepared from pyridine, 
hydrogen chloride, and boron trichloride, the hydrogen chloride being used as a solvent # 
(Found: Cl, 60-1. Calc. for C;H,NBCI,: Cl, 60-9%). 


We thank the Imperial Smelting Corporation for a gift of boron trifluoride. 
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964. Cyclic Amidines. Part XIV.1 Derivatives of 
7H-5,6a,12-T' riazabenz[a|anthracene. 


By K. Butter, M. W. PARTRIDGE, and J. A. WaITE. 


The preparation of derivatives of the triazabenz[a]anthracene (I) and 
their behaviour on hydrolysis are described. Three tetracyclic compounds 
and their hydrolysis products are different from compounds previously 
claimed to have such structures. The formation of the indoloquinazoline 
(XII) in attempts to prepare the triazachrysene (IV) is recorded. 


DERIVATIVES of two of the six possible triazatetracyclic compounds resulting from the 
fusion of two quinazoline rings through bonds 1,2, 2,3, and 3,4 and structurally related to 
tricycloquinazoline were described in Part VIII.2. We now describe derivatives of a third 
possibility, 7H-5,6a,12-triazabenz[ajanthracene (I). Some of these derivatives differed 
significantly in properties from compounds recently described as having these structures. 

2-0o-Aminophenyl-4-hydroxyquinazoline (II) with formic acid afforded the triazabenz- 
anthrone (III; R =H) as previously reported,’ although cyclisation with ethyl ortho- 
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formate was more efficient. The possibility of the formation of a triazachrysene (IV) was 

excluded by the production of the compound (III; R = H) by pyrolysis of 4-0-carboxy- 

anilinoquinazoline (Vv; R =H) or of its methyl ester. Further triazabenzanthracene 

derivatives (III; R = Me, Et, or Ph) were produced by interaction of the quinazoline 

(II) and the appropriate acyl anhydride, but they were different from the compounds 
Part XIII, Hallows and Partridge, J., 1960, 3675. 


1 
* Butler and Partridge, J., 1959, 1512. 
* Stephen and Stephen, /., 1956, 4173, 4178. 
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previously described as having these structures. The methyl derivative (III; R = Me) 
was spectroscopically very similar to the parent compound (III; R = H) (Fig. 1); the 
other derivatives (III; R = Et or Ph) gave similar spectral absorption curves. Moreover, 
in agreement with the dipolar structure (VI), these curves resembled that of 1,2-benz- 
anthracene. This resemblance to 1,2-benzanthracene was not observed ? in the triaza- 
benzanthracene (VII), presumably because of the steric interference with uniplanarity 
of the oxygen at position 12 and the hydrogen at position 1, made evident by inspection 
of a model. 
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The triazabenzanthracenes (III; R = H, Me, Et or Ph) were very readily hydrolysed 
in hot aqueous alcohols to the corresponding 2-0-acylaminophenylquinazolines (VIIT; 
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Ultraviolet absorption spectra in ethanol Fic.2. Ultraviolet absorption spectra in ethanol 
of (A) 7-0x0-7H-5,6a,12-triazabenz({ajanthrac- of (A) 2-0-formamidophenyl-4-hydroxyquin- 
ene, (B) 6-methyl-7-ox0-7H -5,6a,12-triaza - azoline and (B) 2-0-acetamidophenyl-4- 
benz[alanthracene, and (C) 1,2-benzanthracene. hydroxyquinazoline. 








R = H, Me, Et, or Ph) which, where comparison was possible, differed from the com- 
pounds described by Stephen and Stephen * but resembled quinazoline spectroscopically ® 
(Fig. 2). The acetyl derivative (VIII; R = Me) had the melting point recorded by Mohr 
and Kohler ® and by Jacini.’? That fission occurred at the 6,6a-bond was demonstrated 
by the non-identity of the product (VIII; R = H) with the isomeric acid (V; R = H). 
Because of the conditions of formation, and the great ease of hydrolysis of the triazabenz- 
anthracenes (III; R= Me and Et), it is possible that these compounds were inter- 
mediates in the acylation of the quinazoline (II) to its acyl derivatives (VIII; R = Me 
and Et). Recyclization of the amides (VIII; R = H, Me, Et, or Ph) gave the triazabenz- 
anthracenes (III; R = H, Me, Et, or Ph). 


* Friedel and Orchin, “ Ultravitlet Spectra of Aromatic Compounds,” Wiley, New York, 1951, 
p. 499. 
5 Osborn, Schofield, and Short, J., 1956, 4196. 
® Mohr and Kohler, J. prakt. Chem., 1909, 80, 521. 
7 Jacini, Gazzetta, 1943, 78, 306. 
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In a projected preparation of the acid (V; R = H) by hydrolysis of its methy] ester, 
the product was the aminophenylquinazoline (II), evidently resulting from the hydrolysis 
of the intermediately formed triazabenzanthracene (III; R = H) and the corresponding 
amide (VIII; R =H), since the last two compounds readily gave the same hydrolysis 
product (II). Analogous cyclizations and degradations have been observed in compounds 
related to the triazabenzanthracene ? (VII). 

Attempts to synthesise the triazachrysene (IV) were unsuccessful. Thus 0-0’-amino- 
benzamidobenzamide (IX; R =H) with formic acid gave its formyl derivative (Ix; 
R = CHO), the quinazoline (II), its formyl derivative (VIII; R =H), and the triaza- 
benzanthracene (III; R= 4H). With paraformaldehyde or formaldehyde dimethy| 
acetal, the quinazoline (II) yielded the dihydro-derivative (X; R = H), the structure of 
which was confirmed by dehydrogenation to the triazabenzanthracene (III; R = H). 


NH-co, NHR we 
a 
Chee aee: 
(IX) ° (x) 


Acylation and alkylation with reactive alkyl halides furnished 5-substituted derivatives 
of this triazabenzanthracene (X; R = Ac, OC’CH,Cl, CO,Et, Me, Ph°CH,, or CH,:CH-CH,), 
but with less reactive halides disproportionation occurred preferentially, since the products 
were the triazabenzanthracene (III; R = H) and a compound, C,,H,,N,O,. The 12,12a- 
dihydro-derivative of (III; R =H), which was also readily dehydrogenated to (III; 
R = H), similarly resulted from the 1,2-dihydro-derivative of the quinazoline (II) and 
ethyl orthoformate. j 

The amide (XI; R = NH,) was expected to be a useful intermediate for the production 
of this triazachrysene (IV). It was not formed from methyl N-formylanthranilate and 
o-aminobenzamide. The corresponding ester (XI; R = OMe) resulted from the inter- 
action of methyl o-o’-aminobenzamidobenzoate and formamide or ethyl orthoformate 
and, together with 6,12-dihydro-6,12-dioxoindolo[2,1-b]quinazoline (XII), from methyl 
anthranilate and ethyl orthoformate, the last process presumably involving intermediate 
formation of the formamidine (XIII). The amide (XI; R= NH,) could be formed 
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neither from the ester (XI; R= OMe) nor from the acid (XI; R= OH), which was 


itself produced by interaction of ethyl orthoformate and o0-o’-aminobenzamidobenzoic 
acid. With alkali, the indoloquinazoline (XII) gave the same hydrolysis product as the 
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acid (XI; R= OH), namely, 0-o’-aminobenzamidobenzoic acid; the initial hydrolysis 
of the indoloquinazoline may involve the steps (XII —» XI; R = OH) as illustrated. 
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Sodamide did not react analogously to yield the amide (XI; R = NH,), but gave the acid 
(XI; R = OH). Thermal cyclization of the ester (XI; R = OMe) furnished the indolo- 
quinazoline (XII) in good yield. 

The production of the triazachrysene (IV) via an alkylated, hydrogenated derivative 
could not be effected because of the inaccessibility of useful intermediates. 0-o’-Nitrobenz- 
amidobenzoic acid with methylamine and phosphorus trichloride afforded its methylamide, 
which, despite the behaviour of 0-o’-nitrobenzamidobenzamide,® could not be induced to 
cyclize to a quinazoline. 


EXPERIMENTAL 


7-Oxo-7H-5,6a,12-triazabenz[alanthracene (III; R = H).—(i) 2-o-Aminophenyl-4-hydroxy- 
quinazoline (0-5 g.) and ethyl orthoformate (15 ml.) were boiled together for 2 hr. The solid 
which separated when the solution was concentrated furnished the triazabenzanthracene 
(0-45 g., 86%) which crystallised as needles, m. p. 199-5—200°, undepressed on admixture with 
a specimen prepared by the method of Stephen and Stephen * who reported m.p. 197° (Found: 
C, 726; H, 3-3; N, 17-1. Calc. for C,,H,N,O: C, 72-9; H, 3:7; N, 17-0%). 

(ii) The same compound (80%), m. p. and mixed m. p. 199—200°, was precipitated on 
addition of water to a solution of the foregoing quinazoline (II) in formic acid which had been 
boiled for 2 hr. 

(iii) 4-o-Carboxyanilinoquinazoline,® when heated at 255° for 5 min., gave the same triaza- 
benzanthracene, m. p. and mixed m. p. 197—-198° after recrystallisation from ethanol. 

A solution of the product (III; R = H) in warm, dilute hydrochloric acid deposited, when 
cooled, the hydrochloride, m. p. and mixed * m. p. 277—-278°, of the starting quinazoline (II). 

6-Methyl-7-0x0-7H-5,6a,12-triazabenz[ajanthracene (III; R= Me).—A solution of the 
quinazoline (II) (1 g.) in acetic anhydride (20 ml.), when boiled under reflux for 90 min. and 
cooled, deposited the tviazabenzanthvacene (III; R = Me) (0-55 g.), which crystallised from 
anhydrous ethanol as needles, m. p. 178-5—179-5° (Found: C, 74:0; H, 4:3; N, 16-0. 
C,,H,,N,;O requires C, 73-6; H, 4:2; N, 16-1%); Stephen and Stephen * record m. p. 276°. 

Warm, dilute hydrochloric acid immediately caused hydrolysis to the quinazoline (II), 
isolated as its hydrochloride,* m. p. and mixed m. p. 277—279°, and as the base, m. p. and 
mixed * m. p. 238—240°. 

6-Ethyl-7-ox0-7H-5,6a,12-triazabenz[ajanthracene (III; R= Et), prepared analogously 
(57%) by using propionic anhydride, crystallised from anhydrous ethanol as needles, m. p. 155— 
156°, Amax, 243, 273, 281, 301, 340, 355, and 372 my (ec 26,400, 20,700, 23,000, 9900, 15,200, 
14,800, and 9400) (Found: C, 74-2; H, 4:8; N, 15-0. C,,H,,N,O requires C, 74-2; H, 4-8; 
N, 15:3%); Stephen and Stephen * record m. p. 250°. 

7-Oxo-6-phenyl-7H-5,6a,12-triazabenz[alanthracene (III; R= Ph) was formed when the 
quinazoline (II) and benzoic anhydride were heated together at 255° for 6 hr. After being 
washed with aqueous sodium carbonate, it crystallised from dioxan as needles, m. p. 284—285°, 
Amax, 249, 289, 346, 356, and 376 (infl.) my (ec 30,100, 24,300, 14,900, 15,000, and 10,000) (Found: 
N, 12-7, 12-8. C,,H,,N;O requires N, 13-0%); Stephen and Stephen * record m. p. 292°. 

2-0-Formamidophenyl-4-hydroxyquinazoline.—This amide was formed (0-78 g.) when the 
triazabenzanthracene (III; R = H) (0-85 g.) was refluxed in aqueous butan-l-ol (15 ml.) for 
2 hr. and crystallised from butan-l-ol as needles, m. p. 230—231° (decomp.) depressed to 
205—208° by admixture with 4-o-carboxyanilinoquinazoline * (Found: C, 67-5; H, 4-2; N, 15-6. 
C,;H,,N,0, requires C, 67-9; H, 4:2; N, 158%). When heated at 230—235° for 15 min., this 
amide quantitatively yielded the triazabenzanthracene (III; R = H), m. p. and mixed m. p. 
197—199°. . 

The amide dissolved readily in warm 2n-hydrochloric acid and 2n-sodium hydroxide. 
Neutralisation of either solution then precipitated the quinazoline (II) (85%), m. p. and mixed 
m. p. 238—240°. 

2-0-Acetamidophenyl-4-hydroxyquinazoline (VIII; R = Me).—(i) A solution of triazabenz- 
anthracene (III; R = Me) in 95% ethanol rapidly deposited this amide, m. p. 276-5—278° 
(decomp.) (Found: C, 68-8; H, 4-6; N, 15-0. Calc. for C,,H,,N,O,: C, 68-8; H, 4:7; N, 


* Butler and Partridge, J., 1959, 2396. 
* Anschutz and Schmidt, Ber., 1902, 35, 3470. 
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15-1%); Stephen and Stephen® record m. p. 177°; Mohr and Kohler® record m. p. 278° 
(decomp.), and Jacini’ m. p. 276°. 

(ii) The same compound, m. p. and mixed m. p. 276—277°, was formed (0-76 g.) when the 
quinazoline (II) (1 g.) was boiled in acetic anhydride (10 ml.) for 1 hr., and the reaction mixture 
was poured into water. Acetylation was also effected with acetyl chloride in pyridine. 

When refluxed with acetic anhydride for 90 min., this amide afforded the triazabenz- 
anthracene (III; R = Me), m. p. and mixed m. p. 177—178°. A solution in warm dilute 
hydrochloric acid deposited the quinazoline (II), m. p. and mixed m. p. 238—240°, when 
neutralised. 

4-Hydroxy-2-0-propionamidophenylquinazoline (VIII; R= Et) was likewise formed by 
heating the quinazoline (II) with propionic anhydride, and pouring the reaction mixture into 
water; it separated as needles, m. p. 247—-248°, from ethanol; Amax 234 and 294 mu (e 42,700 
and 13,200) (Found: C, 69-9; H, 5-2; N, 14-3. C,,H,,;N,;O, requires C, 69-6; H, 5-2; N, 
14:3%); Stephen and Stephen * give m. p. 156°. When boiled with an excess of propionic 
anhydride for 90 min., it afforded the triazabenzanthracene (III; R = Et) (81%), m. p. and 
mixed m. p. 153—154°. 

2-0-Benzamidophenyl-4-hydroxyquinazoline (VIII; RK = Ph).—The quinazoline (II) (1-3 g.) 
and benzoyl chloride (1-5 g.) were boiled in pyridine (15 ml.) for 90 min.; the amide (1-13 g.) 
which separated crystallised from 2-methoxyethanol as needles, m. p. 317—318°, Amax, 233 and 
273 my (ec 31,600 and 20,500) (Found: C, 73-8; H, 4-4; N, 12-1. C,,H,,N,O, requires C, 73-9; 
H, 4-4; N, 123%). Acylation with benzoic anhydride was effected at 255° for 90 min. 

When heated with benzoic anhydride at 255° for 6 hr., this amide afforded the triazabenz- 
anthracene (III; R= Ph) (52%), m. p. and mixed m. p. 284—285°, whereas with boiling 
acetic anhydride it afforded after 12 hr. the methyl analogue (45%), m. p. and mixed m. p. 
177—179°. 

2-0-Aminophenyl-4-hydroxyquinazoline (II).—This amine (0-98 g.) was precipitated by 
acetic acid from a solution of 4-o-methoxycarbonylanilinoquinazoline* (2-8 g.) in dioxan 
(35 ml.) and 2n-sodium hydroxide (15 ml.) which had been boiled for 30 min. After crystal- 
lisation from 2-methoxyethanol, it had m. p. and mixed ®8.m. p. 240—241° (Found: C, 71-1; 
H, 4:7. Calc. for C,gH,,N,O: C, 70-9; H, 4:7%). 

Formylation of 0-0’-Aminobenzamidobenzamide.—o-o’-Aminobenzamidobenzamide ® (2-5 g.) 
was boiled for 2 hr. in anhydrous formic acid (8 ml.). Dilution of the mixture with water gave 
an oil which slowly crystallised and was separated by fractional crystallisation from ethanol 
into the quinazoline (II) (0-65 g.), m. p. and mixed m. p. 240—241°, and its formyl] derivative 
(0-42 g.), m. p. and mixed m. p. 230—231°. The aqueous formic acid mother-liquor slowly 
deposited 0-0’-formamidobenzamidobenzamide (0-13 g.) which crystallised from water as prisms, 
m. p. 192° (Found: C, 63-8; H, 4:2; N, 14-9. C,,H,3;N,O, requires C, 63-6; H, 4-6; N, 14:8%). 
The triazabenzanthracene (III; R =H) (0-075 g.), m. p. and mixed m. p. 199—200°, was 
isolated by chromatography of the ethanol mother-liquors on alumina. 

5,6-Dihydro-7-0x0-7H-5,6a,12-triazabenz[ajanthracene (X; R= H).—(i) The quinazoline 
(II) (0-79 g.) and paraformaldehyde (0-1 g.), when boiled in benzene (30 ml.) for 27 hr., furnished 
the yellow tetracyclic compound (0-75 g.), which crystallised from ethanol or dimethylformamide 
as needles, m. p. 185—186° (Found: C, 72-2; H, 4-4; N, 17-1. C,;H,,N,O requires C, 72:3; 
H, 4:5; N, 169%). Its hydrochloride (yellow plates from 2N-hydrochloric acid) decomposed 
at 255—260° without melting (Found: C, 63-2; H, 3-9; N, 14:7. C,;H,,CIN,O requires 
C, 63-0; H, 4-2; N, 14:7%). Its acetyl derivative crystallised from ethanol as yellow needles, 
m. p. 176—178° (Found C, 69-8; H, 4:6; N, 14-6. C,,H,,;N,;O, requires C, 70-1; H, 4:5; 
N, 14-4%). 

(ii) The same compound (2 g.) resulted as the alkali-insoluble product when the quinazoline 
(II) (5 g.) was boiled in benzene (30 ml.) with formaldehyde dimethyl acetal (3 ml.), added 
gradually during 36 hr. 

When this dihydrotriazabenzanthracene (X; R = H) (0-5 g.) in diphenyl ether (10 ml.) was 
boiled with 10% palladised charcoal (0-05 g.) until evolution of hydrogen ceased (38 ml.; calc., 
45 ml.), the solid, non-volatile in steam, gave the triazabenzanthracene (III; R = H) (0-36 g,), 
m. p. and mixed m. p. 199—200°. Oxidation with potassium ferricyanide (8 mols.) in 0-1N- 
potassium hydroxide at 60° for 4 hr. afforded the same product (58%), m. p. and mixed m. p. 

199—200°. 

Acylation of the Dihydrotriazabenzanthracene (X; R = H).—Ethyl chloroformate (0-5 g.) 
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and the dihydrotriazabenzanthracene (X; R = H) (0-5 g.) were boiled in pyridine (6 ml.) for 
30 min. The urethane, precipitated as an oil by water, crystallised from ethanol as yellow 
prisms (0-4 g.), m. p. 168—169° (Found: C, 67-3; H, 45; N, 13-2. C,,H,,N,;O, requires 
C, 67-3; H, 4:7; N, 131%). Hydrolysis to the triazabenzanthracene (X; R= H) was 
effected with 2n-hydrochloric acid. 

The chloroacetyl derivative, analogously prepared, crystallised from ethanol as yellow prisms, 
m. p. 190-—191° (Found: C, 62-9; H, 3-8. C,,H,,CIN,O, requires C, 62:7; H, 3-7%). This 
compound was inert to a number of aliphatic amines. 

Alkylation of the Dihydrotriazabenzanthracene (X; R= H).—This compound (0-5 g.), 
anhydrous potassium carbonate (0-1 g.), and methyl iodide (0-3 ml.) were boiled in dry dimethyl- 
formamide (50 ml.) for 24 hr. After removal of the solvent, the water-insoluble fraction gave 
the 5-methyl derivative (0-38 g.) which crystallised from ethanol as needles, m. p. 167° (Found: 
C, 72:7; H, 4:8; N, 15-7. C,,H,3N,O requires C, 73-0; H, 5-0; N, 16-0%). In acetone the 
yield was 22%. 

Analogously prepared were the 5-allyl derivative, m. p. 123—124° (Found: C, 74-4; H, 5-4; 
N, 14:4. (C,,H,;N,;O requires C, 74-7; H, 5-2; N, 145%), and the 5-benzyl derivative, m. p. 
130—131° (Found: C, 77-9; H, 5-4; N, 12-4. C,,H,,N,O requires C, 77-9; H, 5-1; N, 12-4%). 

With other alkyl bromides, the products were the triazabenzanthracene (III; R =H), 
m. p. and mixed m. p. 199—200°, and a substance which crystallised from a large volume of 
benzene as needles, m. p. 290—293° (Found: C, 74-6, 74:8; H, 4-4, 4-5; N, 14-8, 14-9. 
CyH,,N;O, requires C, 74-5; H, 4-4; N, 145%). 

2-0-A minophenyl-1,2-dihydro-4-hydroxyquinazoline.—This quinazoline (0-37 g.) was prepared 
by catalytic reduction of the corresponding nitro-compound ?° (0-5 g.) in ethanol (30 ml.) with 
Adams catalyst (0-30 g.) at atmospheric pressure. After filtration of the suspension, and 
evaporation of the solvent, the basic product was collected in 2N-hydrochloric acid, liberated 
into ether, recovered (0-37 g.), and crystallised from benzene; it had m. p. 173—174° (Found: 
C, 70-4; H, 5-7; N, 17-6. C,gH,3N,O requires C, 70-3; H, 5-5; N, 17-6%). Its picrate 
(needles from benzene) had m. p. 174—175° (decomp.) (Found: C, 51-4; H, 3-4; N, 18-0. 
CygH,,N,O, requires C, 51-3; H, 3-4; N, 17-9%), and its diacetyl derivative (needles from 
benzene-light petroleum) had m. p. 210—211° (Found: C, 66-9; H, 5-5. C,,H,,N,O, requires 
C, 66-9; N, 5-3%). 

12,12a-Dihydro-7-0x0-7H-5,6a,12-triazabenz[alanthracene.—The foregoing quinazoline (0-5 g.) 
was refluxed in ethyl orthoformate (5 ml.) for 2hr. Precipitation of the product (0-32 g.), which 
crystallised from 2-ethoxyethanol and had m. p. 316—317°, was completed by the addition of 
ether to the concentrated reaction mixture (Found: N, 16-6. C,,;H,,N,O requires N, 16-8%). 

This tetracyclic compound (0-1 g.) was boiled in p-cymene with 10% palladised charcoal 
until evolution of hydrogen ceased, solvent was removed in steam, and the residue afforded 
the triazabenzanthracene (III; R =H) (0-075 g.), m. p. and mixed m. p. 199—200°, after 
crystallisation from ethanol. Oxidation with potassium ferricyanide in 0-1N-potassium 
hydroxide at 60° for 4 hr. gave the same product (56%). 

Interaction of Methyl N-Formyianthranilate and Anthranilamide.—Equimolecular quantities 
of these reagents, heated at 150° for 2 hr., afforded as the only recognisable products a benzene- 
soluble fraction consisting of methyl anthranilate, b. p. 134—136°/15 mm., and 4-hydroxy- 
quinazoline, m. p. and mixed m. p. 216° (Found: C, 66-0; H, 4-1. Calc. for CgH,N,O: C, 65-8; 
H, 4:1%); Bogert and Hand ™ record m. p. 215-5—216-5°. 

3,4-Dihydro-3-0-methoxycarbonylphenyl-4-oxoquinazoline (XI; R = OMe).—(i) Methyl o-o’- 
nitrobenzamidobenzoate, prepared by the method of Schroeter,!* who records no m. p., had 
m. p. 153° (Found: C, 60-1; H, 4-0. Calc. for C,,H,,.N,O,: C, 60-0; H, 40%). Formamide 
(2 ml.) reacted with the corresponding amine ! (1 g.) at 140° during 4 hr. to yield, as a water- 
insoluble fraction, the guinazoline (XI; R = OMe) (0-7 g.), which crystallised from ethanol as 
prisms, m. p. 175—176° (Found: C, 68-4; H, 4-0; N, 10-0. C,,H,.N,O, requires C, 68-6; 
H, 4:3; N, 10-0%). An analogous cyclization in refluxing ethyl orthorformate for 1 hr. gave 
85% of the same compound. Hydrolysis with acid or alkali furnished 0-o’-aminobenzamido- 
benzoic acid, m. p. 202—203° (Found: C, 65-5; H, 4:5; N, 10-8. Calc. for C,,H,,N,0,: 
C, 65-6; H, 4:7; N, 10-9%); Schroeter !* records m. p. 203—204°. 

© Kilroe-Smith and Stephen, Tetrahedron, 1957, 1, 38. 


Bogert and Hand, J. Amer. Chem. Soc., 1902, 24, 1031. 
12 Schroeter, Ber., 1907, 40, 1610. 
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(ii) Methyl anthranilate (60 g.) and ethyl orthoformate (30 g.) were refluxed together for 
4 hr. Volatile material was removed under reduced pressure, and the residue, by fractional 
crystallisation from ethanol, gave this quinazoline (45 g.), m. p. and mixed m. p. 175—176°, and 
the indoloquinazoline (XII), m. p. 258° [Found: C, 72-6; H, 3:2; N, 114%; M (Rast), 278, 
Calc. for C,,H,N,O,: C, 72-6; H, 3-3; N, 113%; M, 248]; Heller and Benade ™ recorg 
m. p. 262°. 

6,12-Dihydro-6,12-dioxoindolo[2,1l-b]quinazoline (XII) (5-3 g.) was also formed when the 
foregoing quinazoline (XI; R = OMe) (10 g.) was boiled in nitrobenzene (50 ml.) for 16 hr, 
Removal of the solvent in vacuo, and the addition of light petroleum furnished brown.needles 
which, after vacuum-sublimation and crystallisation from ethanol, had m. p. and mixed m. p, 
256—258°. Its picrate had m. p. 143° (effervescence) (Found, on desolvated material: C, 53-1; 
H, 2-3; N, 14-6. C,,H,,N,O, requires C, 52-8; H, 2-3; N, 14:7%); the 2,4-dinitrophenyl- 
hydrazone crystallised from dimethylformamide as red needles which decomposed at about 
200—230° (Found: C, 58-9; H, 2-9. C,,H,,N,O, requires C, 58-8; H, 2.8%), and its hydvazone 
decomposed at about 230—240° (Found: C, 68-8; H, 40; N, 21-3. C,sH,9N,O requires 
C, 68-7; H, 3-8; N, 21-4%). 

This indoloquinazoline (0-1 g.) afforded o-o’-aminobenzamidobenzoic acid (0-055 g.), m. p. 
and mixed m. p. 202—203°, when boiled for 30 min. with 2-5N-sodium hydroxide (5 ml.). 

3-0-Carboxyphenyl-3,4-dihydro-4-oxoquinazoline (XI; R = OH).—(i) 0-o’-Aminobenzamido- 
benzoic acid (0-1 g.) and ethyl orthoformate (3 ml.), when boiled together for 8 hr., afforded the 
quinazoline (0-12 g.), m. p. 279° (decomp.), undepressed on admixture with the compound made 
by the method of Anschutz and Schmidt.® By hydrolysis with 2N-sodium hydroxide or 2n- 
hydrochloric acid, 0-o’-aminobenzamidobenzoic acid, m. p. and mixed m. p. 202—203° 
(63—71%), was obtained. 

(ii) The 3-0-methoxycarbonylphenylquinazoline (XI; R = OMe) (4 g.) was heated with 
sodamide (2 g.) in dimethylaniline (15 ml.) at 150° for 6 hr. Ethanol (2 ml.) and water (50 ml.) 
were added. The aqueous layer yielded the same acid (XI; R = OH) (3 g.), m. p. and 
mixed m. p. 279° (decomp.), on neutralisation with acetic acid. 

(iii) The indoloquinazoline treated analogously with sodamide also furnished this carboxylic 
acid (XI; R = OH) (84%). 

0-0’-Nitrobenzamidobenzomethylamide.—Methylamine was passed into a boiling solution of 
o-o’-nitrobenzamidobenzoic acid (1 g.) and phosphorus trichloride (1 ml.) in toluene (20 ml.), 
and boiling was continued for 2 hr. Excess of aqueous sodium carbonate was added, the 
mixture was steam-distilled, and the methylamide (0-23 g.), m. p. 180—181°, was crystallised 
from ethanol (Found: C, 60-1; H, 4:2; N, 13-8. (C,;H,,N,O, requires C, 60-2; H, 4-4; N, 
14:0%). The same compound was prepared in 82% yield by interaction of o-nitrobenzoyl 
chloride and o-aminobenzomethylamide in benzene—pyridine. 


We thank the Nottinghamshire Council of the British Empire Cancer Campaign for the 
award of a postgraduate studentship (to J. A. W.). 
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18 Heller and Benade, Ber., 1922, 55, 1006. 
4 Schroeter and Eisleb, Annalen, 1909, 367, 101. 
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965. LEnergy—Entropy Relations in Acylations. Part I. Effects of 
Structure and of Polar Substituents. 


By H. S. VENKATARAMAN and SIR CyRIL HINSHELWOOD. 


The parameters of the Arrhenius equation, k = Ae~“/R7, have been deter- 
mined for various series of bimolecular second-order acylations 


YY’CgHs‘NHZ ++ R-COX —— YY’C,Hy‘NZ-COR + HX 


in benzene solution. 

Both mono- and di-substituted anilines and one N-substituted derivative 
were used. Various acylating agents in both the aromatic and the aliphatic 
series were investigated, X being Cl, Br, or CH,-CO,. Changes in Y, Y’ for 
reactions with any one acylating agent operate almost entirely through the 
activation energy, the frequency factor remaining approximately constant. 
Substituent effects are independent of the acylating species. 

Substituents close to the reaction centre, whether in the acid chloride or 
in the aniline, affect E and log A in a complex manner. These energy— 
entropy relations are discussed in terms of the linear relation between E and 
log A which has been observed in many other series. A generally coherent 
picture can be formed if steric hindrance affecting the geometry of the 
transition state is assumed to give a correlated variation of E and log A, while 
upon this variation may be superimposed a polar effect which influences E 
alone. 


A USEFUL means of studying the influence of substituents on reactivity is based upon the 
Arrhenius equation k = Ae“/®’, where k, E, and A are the rate constant, activation 
energy, and frequency factor respectively. One of the most important effects of a 
substituent group in a reacting molecule is to modify the activation energy. When a 
variable substituent is separated from the reaction centre by a benzene ring there are two 
classes of behaviour according to whether A remains constant or increases functionally 
with E.1 The first type is the more characteristic and is exemplified in the benzoylation of 
anilines,? the alkaline hydrolysis of benzoic esters in 85°% alcohol ® or in 56% aqueous 
acetone,*5 and in the reaction between methyl iodide and dimethylanilines.6 The second 
type is exemplified in the reduction of nitrobenzenes by titanous chloride’ and in the 
alcoholysis of substituted benzoyl chlorides. When the substituent group is in close 
proximity to the reaction centre steric effects complicate the picture and simultaneous 
variations in E and A occur. This has been shown in 165 esterification reactions,® in the 
alcoholysis of acid anhydrides,’ and in the reaction between alkyl halides and tertiary 
amines.1! 

The energy-entropy relationship and its implications have been discussed by Leffler '* 
and Blackadder and Hinshelwood.'* The present investigation was designed to yield 
further information about the conditions determining the occurrence of the one or the 
other of the main types of behaviour. 

In the reaction between an acid halide or an acid anhydride and an amine, the amine is 
Laidler, Timm, and Hinshelwood, J., 1938, 848. 

Williams and Hinshelwood, J., 1934, 1079. 

Ingold and Nathan, J., 1936, 222. 

Tommila and Hinshelwood, J., 1938, 1801. 

Tommila, Ann. Acad. Sci. Fenn., 1941, A, 57, No. 13. 
Laidler, J., 1938, 1786. 

Newton, Stubbs, and Hinshelwood, J., 1953, 3384. 
Branch and Nixon, J. Amer. ‘Chem. Soc., 1935, 58, 2499. 
Legard and Hinshelwood, J., 1935, 587. 

Kosakikallio, Ann. Acad. Sci. Fenn., 1954, A, II, 57. 
Winkler and Hinshelwood, J., 1935, 1147. 


Leffler, J. Org. Chem., 1955, 20, 1202. 
Blackadder and Hinshelwood, J., 1958, 2728. 
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nucleophilic and the acylating species is electrophilic. Available data refer chiefly to the 
reaction between substituted benzoyl chlorides and substituted anilines * in benzene and 
nitrobenzene.® Substituents change the rate by influencing E, leaving the frequency 
factor approximately constant. The reactivity runs parallel with the positivity of the 
carbonyl-carbon atom and the negativity of the nitrogen atom. Previous investigations 
were confined to the effect of substitution in the benzene ring. The present work is 
designed to study the following: (1) structural variations within the acid chloride on the 
acylation of a given aniline in benzene solution; (2) change in X in the acylation of 
substituted anilines by R-COX, also in benzene solution; (3) N-substitution in the amine; 
and (4) changing the solvent composition in the acylation of some substituted anilines in 
benzene-nitrobenzene and benzene—phenyl cyanide mixtures (following paper). 


Venkataraman and Hinshelwood: 








EXPERIMENTAL 


Materials.—Commercial products were purified by crystallisation to constant m. p. or by 
distillation in all-glass apparatus to constant b. p. The purity of the acid halides corresponded 
to 99-5—98-8%. 

Solvent.—‘‘ AnalaR ” benzene was used throughout. For reactions involving acid bromides 
it was dried for several days over phosphoric oxide and redistilled from fresh phosphoric oxide 
in all-glass apparatus previously baked and cooled in a current of dry air. 

Technique.—Acid halides. The reaction between an acid halide and aniline takes place 
quantitatively according to the equations 


CyHs°NH, + R*COX —— C,Hy*NH°COR + HX 
CgHy°NH, + HX —— C,H,°NH,,HX 
The completely insoluble amine hydrohalide was filtered off and dissolved in water: the halogen 


was then estimated by Volhard’s method. The experimental details have already been 
described.™? All the reagents were mixed at the temperature of the experiment. The con- 


TABLE 1. Velocity constants (k in l. mole sec.) at 25° for the reaction of 
acetyl bromide and p-nitroaniline. 


“ AnalaR ”’ benzene Specially dried benzene 

Time Change Time Change 
(min.) % 107 (min.) (%) 107k 
4 36-0 23-37 7 33-5 11-98 
9 46-0 15-78 12-1 45-0 11-27 
15 57-0 14-72 18 56-0 11-79 
22 62-0 12-36 25 63-0 11-35 
30 67-0 11-28 35 70-5 11-38 
40 72-5 10-98 Average value 11-55 


TABLE 2. Velocity constants (k in l. mole sec.) at 25° for reactions of acetic anhydride. 


Aniline 3-Chloro-4-methylaniline 
Time Change Time Change 
(min.) (%) 10° (min.) (% 107k 
30 15-0 1-961 22 16-0 1-443 
45 21-0 1-969 30 20-5 1-432 
65 27-5 1-945 45 27-5 1-405 
90 34-0 1-908 65 36-0 1-442 
120 38-0 1-703 (100 45 1-368) 
150 40-0 1-481 Average value 1-431 


Extrapolated value 2-075 


centrations in most of the experiments were: acid halide m/200, and aniline m/100. In the 
reactions of chloroacetyl chlorides m/400 and m/200 were used, and for a few slow reactions 
mM/50 and m/100. Changes in concentration do not affect the values of the rate constants.” ™4 

14 Stubbs and Hinshelwood, J., 1949, 71. 


18 Bose and Hinshelwood, /., 1958, 4085. 
16 Grant and Hinshelwood, /J., 1933, 1351. 
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The course of the reaction is expressed by the formula 


ati Bass Bia; 1 ) 100 
~ 2x 60¢)100—* 100f a 


where ¢ is the time in minutes, x the percentage change, and & the velocity constant (1. mole™ 
sec.), a is the initial concentration of the acid halide, and b that of the amine in mole 1.1; 
a = b/2. 

ciduiitllin All the acid halides gave good constants within the limits of experimental 
error except crotonoyl chloride with which they fell as the reaction proceeded. To overcome 
this difficulty the second-order constants were plotted against the % reaction and extrapolated 
to zero change. The activation energy determined at 5 temperatures for zero reaction was 
found to be very nearly the same as that calculated for 10, 20, and 30% reaction. 

Acid bromides. Whereas the reactions of the acid chlorides and anhydrides were unaffected 
by very small quantities of water,*?’ acetyl bromide was found to be highly sensitive to 
hydrolysis by the traces present in the “ AnalaR’’ benzene. It was thus necessary to carry 
out all manipulations with an apparatus in which samples could be withdrawn without introduc- 
ing moist air, transfer of benzene or solution from one vessel to another being effected by the 
application of pressure through a guard tube. All apparatus was dried, baked, and cooled in a 
stream of dry air before use. The constants obtained at 25° for both ‘‘ AnalaR ”’ and dried 
benzene are given in Table 1 and the constancy in the latter is obvious. 

Acetic anhydride. In the reaction between aniline and acetic anhydride, the acetic acid 
liberated does not give a precipitate with the amine and the experimental technique had to be 
modified. The reaction was followed by shaking samples at known intervals with an excess of 
a benzene solution of hydrogen chloride whereby free aniline was completely precipitated as 
hydrochloride which was estimated as before. 

As the reaction goes to an equilibrium, the initial value only of the forward velocity 
constant was determined from the ordinary second-order formula up to about 35% reaction. 
The constants so obtained were averaged or extrapolated to zero time, as illustrated in Table 2. 

There being no precipitation of salt, equal concentrations of anilines and acetic anhydride, 
m/100 or M/50, were used, and the second-order constants were calculated from the formula 


h 1 1 1 | 100 
~ 604 |100—% 100f a 

N-Substituted anilines. The use of these presented unexpected difficulty owing to the 
solubility of the hydrochlorides. The only satisfactory pair of reactants which could be found 
were p-nitro-N-methylaniline and benzoyl bromide. In this reaction the precipitate of the 
hydrobromide was not formed until about 46% of the reaction was over. After that, however, 
the reaction went on as usual and gave good bimolecular constants. The tubes were shaken 
frequently to prevent supersaturation. 

Temperature.—Activation energies were calculated by the method of least squares from rate 
constants at 4 or 5 temperatures. Between 13° and 60° electrically regulated thermostats 
constant to within +0-05° were used. Experiments at 5-1° were carried out in a Dewar vessel 
which contained melting benzene (+0-2°). All thermometers were checked against N.P.L. 
standards. The rate constants are not corrected for thermal expansion of the solvent. 





RESULTS 


Tables 3—7 contain the principal experimental data for all the compounds studied, k and A 
being expressed in 1. mole sec.1. The values of E for benzoyl chloride have been taken from 
the results of Stubbs and Hinshelwood.™ 

The results may be summarized as follows: 

(1) For a given acylating agent and a series of substituted anilines differences in rate are due 
only to changes in E, the entropy of activation remaining approximately constant. This 
confirms and extends the conclusions reached by earler workers.** Fig. 1 shows the plots of 
log k at 25° against E for the acylation of anilines with the various acylating species. The lines 
are of slope —2-303RT. 


 Kosakikallio, Acta Chem. Scand., 1959, 55, 1725. 
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(2) The order of reactivity of the acylating species is CH,,COBr > CH,°COCI > (CH,°CO),0, 
and CH,’COX > C,H,°COX. 

(3) The change (AE) in E due to any given substituent in the aniline is approximately 
constant and independent of the acylating agent. Table 8 contains the values of AE caused by 
some of the substituents in the aniline for the reaction with various acylating agents. E for 
the reactions of aniline with C,H,COBr, CH,*COCI, and CH,°COBr was calculated by the 
method of Bose and Hinshelwood."® 

(4) When the structure of the acid chloride is changed, log A varies in a complex manner 
but there is a general tendency for it to follow E. 

(5) When X in R*COX is changed from Cl to Br there is a lowering of E but an actual 
increase in log A. 

(6) The value of E is partly governed by the strength of the C-X bond in the acylating 
agent, as is made clear when X is changed from Cl to Br. 

(7) N-Methylation of the aniline lowers both E and log A in an approximately proportional 


Venkataraman and Hinshelwood: 


way. 
TABLE 3. Base: m-nitroaniline. 

Acid chloride 10° E log A k/Rou,-coc E- Ecu,-coa 
PEED bos aca sescesdabeubeceegy 1-231 7700 3-816 1 0 
RA ee 0-945 7750 3-736 0-768 ~- 
aga 0-683 7650 3-521 0-555 — 
BNE, nics nosceactnseseis 0-687 8000 3-784 0-564 — 
BIER: pncindcesbancechncnas 0-761 7850 3-716 0-618 = 
SEINE - Licessveceesiceses 0-480 9250 4-567 0-390 +1550 
Phenylacetyl ............... 2-079 8800 4,860 1-690 +1000 
eee ee 0-378 10,400 5-309 0-307 +2700 
Chioroacetyl .......cscceee. 41-64 6500 4-445 33-83 — 1200 
Trichloroacetyl ............ 27-69 5700 3-682 22-50 — 2000 
BIS” nierertgericnersesess 0-0324 * 10,550 4,378, 0-026 +2850 

* Calc. from the Arrhenius equation. 
TABLE 4. Acylating agent: benzoyl bromide. 

Amine 10*,, E log A Q ae (E - Eo,n,-coci) 
g-Nitroaniline ..........ccccccssseeess 3-632 9050 5-128 — 1600 
p-Nitroaniline  .............seeeeeeeees 0-571 10,000 5-088 — 2030 
GD. arbcerndtsveeseccesesses 0-045 11,650 5-161 — 1950 
PIE. vedcncccbccccsecescssees 6-979 8600 5-132 — 1980 
2,4-Dichloroaniline ................++ 1-480 9200 5-045 — 2340 
4-Chloro-3-nitroaniline ............... 1-042 9650 5-112 — 1930 
3-Methoxy-5-nitroaniline ............ 4-843 8800 5-144 — 1970 

Average 5-115 + 0-0025* —1970+ 90 
4-Nitro-N-methylaniline ............ 1-221 8400 4-226 


* The limits given are not estimates of experimental error, but indicate the variations among the 
values for the various compounds given in the Table. 


TABLE 5. Acylating agent: acetyl chloride. 


Amine 10°k,5 E log A Q = (E — Eo,n,-coa) 
INL | ccnesieusiinnssionienadis 1-481 * 7700 3-816 — 2850 
DP TUUOOND.  ceccccccescsrecscccesess 0-153 9250 3-974 — 2780 
IID ocd cinntasdictéaccsoness 12-08 6650 3-883 — 2620 
4-Chloro-3-nitroaniline ............... 0-537 8600 4-034 — 2970 
Average 3-926 + 0-055 — 2800 + 85 


* Calc. from Arrhenius equation. 


TABLE 6. Acylating agent: acetyl bromide. 


Amine 10*h,, E log A Q = (E — Equ,-coa) 
P-Nitroaniline — ..............ceeeeeeees 11-55 8050 4-975 — 4000 
EI ails Seitiiceasbedeedess 2-048 9100 4-981 — 4500 
2,6-Dichloroaniline .................. 11-770 7850 4-824 — 4600 
4-Methyl-2-nitroaniline ............ 9-055 8200 4-958 — 4600 


Average 4-931 + 0-042 —4425 + 165 
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TABLE 7. Acylating agent: acetic anhydride. 


Amine 10°h,, E log A Q = (E — Eoqun,-coa) 
CD sc asviect bails deupesegiauestens 2-075 10,450 5-976 +2850 
SAID GU ccucipacesscsccéessecs 0-1965 12,200 6-243 +2930 
3-Chloro-4-methylaniline ............ 1-431 11,100 6-300 +2740 
a-Naphthylamine .................06+5 0-336 11,550 5-976 +2850 
Average 6-124 + 0-095 +2840 + 45 


TABLE 8. AE due to some substituents in aniline. 


Substituent C,H,;COCL C,H,COBr  CH,°COCI CH,COBr (CH,CO),O 

H 0 0 0 0 0 
eed: Sa 3040 3350 2940 ~— ons 
RI qicdesenipehepedteiiinnin 4430 4300 4400 4800 
IEE sninanbipboldinbennenene 6000 5950 — 5850 
RE SS 2980 2900 
REEF ae 1670 ome 1800 — 1750 
(a-Naphthylamine) ......... 1170 1100 

DISCUSSION 


General.—The effect of a substituent in the benzene ring, whether of the acid chloride 
or of the amine, is exerted almost entirely on the activation energy. Electron-repelling 
substituents in the acid chloride increase E and lower the rate, while electron-attracting 
substituents decrease E, the effect being reversed when the substituents are in the amine. 
The direction of the influence is consistent with the assumption that variation of the 
repulsion between the reactants is here the principal factor determining the changes in 
activation energy. 

The transition state can be represented as follows: 


The constancy of the entropy of activation when X and X’ are varied is perhaps not 
surprising since the strongly polar reaction centre remains the same and the substituents 
are remote from it.4*1® On the other hand, when the acylating agent is varied, quite 
complex changes occur in both E and log A. Similarly complex changes occur if the 
solvent changes. 

When variations are made in the structure of a reactant, so that the pattern of the 
transition state is seriously changed, there is often a general tendency for log A to show a 
linear increase with E. The present group of results can be reduced to better order if the 
variations in E are assumed to occur from two causes: first, polar effects, which from the 
analogy of the benzene-ring substituents are taken to involve no corresponding changes in 
log A, and, secondly, structural effects which may be termed steric in the broadest sense 
and involve a linear correlation ® of E and log A. 

In the study made by Blackadder and Hinshelwood,™ the commonest slope found for 
the linear correlations of E and log A when they occur was about 0-6. In Fig. 2, accord- 
ingly, log A is plotted against E — Eog,.coo, and a line of slope 0-6 is drawn through the 
point corresponding to the reaction with acetyl chloride. This line divides the acylating 
species into two groups. We shall now be in a position to test the idea that reasons other 
than steric ones, and usually connected with polarity or bond strength, determine whether 
the value of E is greater or smaller than that corresponding to the line. 

Substitution Effects in the Antlines——The experimental results for a series of anilines 

18 Hinshelwood, J., 1935, 1112. 


1® Wynne-Jones and Eyring, J. Chem. Phys., 1935, 3, 492. 
* Cf. (for equilibria) Laidler, Trans. Faraday Soc., 1959, 55, 1725. 
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with each acylating agent (Tables 4—7) are consistent with the view that the repulsion 
energy is the principal governing factor. Log A is constant for each acylating species and 
changes in rate are entirely due to changes in E (Fig. 1). The influence of different 
substituents is approximately constant (Table 8) and is independent of the acylating agent. 


Fic. 1. The lines are of slope —2-303RT. Fic. 2. Slope of line = 0-6. 
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The values of AE for a series of anilines calculated for the various acylating agents with 
reference to any one agent as a standard are independent of the aniline used (Tables 4—7, 
last column). This additivity of AE and A log A makes it possible to use the values of E 
obtained for one series of acylations to calculate E for any other acylation reaction provided 
that the reaction of at least one aniline in the second series has been measured. 

The values of E calculated as above for the acylation of aniline with CH,-COBr, 
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C,H,-COBr, and CH,°COCI are in good agreement with those calculated for the same 
reactions by the method of Bose and Hinshelwood.” These results are given in Table 9. 


TABLE 9. Values of E for the reaction of aniline and R*COX calculated by 
different methods. 
E by the method of Bose 

Acylating species and Hinshelwood E = 7600 — Q 
Benzoyl chloride 7600 * — 
Benzoyl bromide 5700 5630 
Acetyl chloride 4850 4800 
Acetyl bromide : 3250 3175 
Acetic anhydride 10,450 * 10,440 


* Experimental values, 


Structural V artations within the Acid Chloride.—Acety] chloride is taken as the reference 
standard and a temperature 20° has been selected for comparison of the rates. The 
relevant data are contained in Table 3. 

For the series of straight-chain compounds E is approximately constant, 7790 + 45 cal. 
The rate sequence for the first three members is: 


CH,COCI > CH,-CH,*COCI > CH,*[CH,],.COCI 


in the ratios 1:0-76:0-55. Further lengthening of the chain has no effect. The 
results closely parallel those for similar reactions involving the carbonyl carbon 
atom.2**4 Fig. 3 shows the dependence on chain length of the rate of this reaction 
together with that for ester hydrolysis and formation and also that of the dissociation 
constant of the acid. 

Alkyl groups repel electrons * and a slight progressive increase in E is expected from 
acetyl to propionyl.”® The differences between these acid chlorides are, however, so small 
as to be within experimental error. Thus it is inappropriate to discuss them in detail. If 
propionyl chloride had the same value for log A as acetyl chloride, E would have to be 
7850 cal., which is barely outside the error. For similar reactions Smith ®’ and his co- 
worker * conclude that the rate difference is entirely due to steric effects, whereas Evans 
and his co-workers **%° conclude that it is due to inductive effects. 

Since a saturated carbon chain is not a good conductor for inductive effects,” the rate 
decrease from propionyl to n-butyryl chloride is probably steric. n-Butyryl chloride 
can form a ring-structure similar to that proposed for n-butyric acid by various 
workers *6.27,2%,31 and the frequency factor could be lowered by steric hindrance of a purely 
geometric kind. Further lengthening of the chain would have little effect. 

In the acid chlorides generally a complex interplay of inductive, steric, and mesomeric 
effects is discernible. 

(1) Electrophilic substituents such as Cl and C,H, in acetyl chloride increase the rate 
as expected,”5 and the electron-repelling methyl group decreases it. 

(2) The proximity of the substituent to the reaction centre in the aliphatic acid chlorides 
complicates the picture of steric effects. Changes in E govern the rate except in phenyl- 
acetyl chloride, but there is a general tendency for log A to follow E, except in the case of 
chloroacetyl chloride. 

*1 Smith and Reichardt, J. Amer. Chem. Soc., 1941, 68, 605. 

* Fairclough and Hinshelwood, /., 1939, 593. 

*8 Smith and Steele, J. Amer. Chem. Soc., 1941, 68, 3466. 

Willems and Bruylents, Bull. Soc. chim. belges, 1951, 60, 191. 

° Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,’’ Bell and Sons, London, 1953, p. 70. 

* Dippy, J., 1938, 1222. ‘ 

7 Smith, J. Amer. Chem. Soc., 1939, 61, 254. 

Smith and Levenson, J. Amer. Chem. Soc., 1939, 61, 1172. 
Evans, Gordon, and Watson, J., 1938, 1439. 


Evans and Gordon, J., 1938, 1434. 
Magee, Ri, and Eyring, J. Chem. Phys., 1941, 9, 419. 
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(3) Steric hindrance appears to depend essentially upon a high value of E, as has been 
pointed out for acid esterification.® 

The results show: 

(a) A considerable increase in E and log A from acetyl to isobutyryl chloride, the 
reaction rate decreasing in the expected order 


CH,COCI > CH,*CH,*COCI > (CH,),CH-COCI 


in the ratios 1:0°76:0-31; (b) a decrease in E but an increase in log A from 
acetyl to chloroacetyl chloride, the rate being several times faster with the latter; (c) an 
increase in both E and log A from acetyl to phenylacetyl chloride, the rate being slightly 
faster with the latter; (d) a decrease in E and log A from chloro- to trichloro- 
acetyl chloride; (e) an increase in E and log A with crotonyl and benzoyl chloride, the 
rates being lower than with acetyl chloride, and the benzoyl compound having the lowest 
rate among the acid chlorides studied. 

The effect in (a) seems to be due to the combined operation of electronic and steric 
effects, the latter being more important,®**% the corresponding points lying close to the 
line in Fig. 2. In (0) and (c) the electron-attracting Cl and C,H, substituents in acetyl 
chloride lower E, causing an increase in rate. Because of their size they seem also to 
exert steric hindrance, causing a rise in the values of both E and log A. The polar and 
steric effects act in opposite directions.** In Fig. 2 the points corresponding to these 
compounds are to the left of the line, indicating that E is lower than the purely steric 
effect would demand. Phenylacetyl chloride can form a ring structure as proposed by 
Smith 2’ for phenylacetic acid, and this factor may cause the big rise in E and log A. As 
regards (d), trichloroacetyl chloride is the one example where there is no increase in log A 
for a reaction in which steric hindrance is expected. ‘ Both E and log A are lowered. 
E decreases from chloro- to trichloro-acetyl chloride in accordance with the expectations 
based on the electronic theory. Similar results have been obtained for the hydrolysis of 
chloroethy] esters.*® 

In Fig. 2 the points corresponding to benzoyl and crotonoyl chloride occur to the right 
of the line. These molecules possess double bonds conjugated with the C=O group. The 
rates are low because of a high value of E and in spite of a high log A value. For benzoyl 
chloride it has been argued that both the inductive effect of the phenyl group and the 
influence of substitution are outweighed by resonance between the carbonyl and phenyl 
groups.**37_ The resonance between the C=O group and the conjugated double bond ® 
may be responsible for the high value of E in crotonoyl chloride. Stabilization of the 
carbonyl groups involved in conjugation with an aromatic radical or a double bond is 
shown in the reduced Raman frequencies of carbonyl groups in benzoyl and crotonoyl 
chlorides as compared with those of acetyl and phenylacetyl chloride. 

Variation of X in R-COX.—The results in Tables 4—7 show that the rates follow the 
sequence R-COBr > R:-COCI > (R-CO),0, the acid bromides reacting faster in virtue both 
of a lower E and a higher log A. The anhydride reacts slowly because of a very high E, 
and in spite of a high log A. 

In Fig. 2 the bromides lie to the left of the line, acetic anhydride to the right. In the 
acid bromides steric and structural effects might be assumed to raise both E and log A in 
the usual way, but E must then be supposed to be simultaneously lowered by an 

32 Hughes, Trans. Faraday Soc., 1941, 37, 620. 

8% Dostrowsky, Hughes, and Ingold, J., 1946, 173. 

34 Emery and Gold, J., 1950, 1455. 

%> Timm and Hinshelwood, J., 1938, 866. 

3%* Smith and Burn, J. Amer. Chem. Soc., 1944, 66, 1494. 

37 Baker, Trans. Faraday Soc., 1941, 37, 634. 

38 Alexander, “‘ Principles of Ionic Organic Reactions,’’ Chapman and Hall, London, 1957. 


%* Kohlrausch and Pongratz, Z. phys. Chem., 1934, B, 27, 176. 
“© Saunders, Murray, and Cleveland, J. Amer. Chem. Soc., 1941, 63, 3121. 
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independent effect. The rate sequence R-COBr > R-COCI corresponds to that observed 
for similar reactions.““** The non-steric lowering of E suggests that the strength of the 
pond between X and the carbon atom here plays an important part in determining the 
energy of the transition state. 


TABLE 10. Factors contributing to change in E. 


Criterion Acid bromide Acid chloride Acid anhydride 
(1) Positivity of the carbon atom 4 0 
(2) C-X bond strength = 0 
(3) Size of X 0 
(4) Resonance in X 0 
Tot 0 


When the base is kept constant and X is changed, the repulsion between the reactants 
depends upon the positivity of the carbonyl carbon atom. In general, the order of 
reactivity of the acid derivatives to be expected from the inductive effects of the hetero- 
atoms is R‘COC] > R-COBr > (R°CO),O0. But as far as the influence of the C-X bond is 
concerned, we should expect the order of reactivity in terms of their bond dissociation 
energies to be R-COBr > R-COCI] > (R°CO),0. The space requirements of the group X 
must also be considered in that a bigger group may impede the approach of the base and so 
cause E to rise. This contribution to E should be in the order anhydride > bromide > 
chloride. : 

Further, the acylating agents contain the C=O group and, like the parent acids, they ar 
mesomeric. This effect is negligible in the acid halides but is important in anhydrides,*’ 
where it may make an additional contribution to E. This is seen by the reduced Raman 
frequencies of the CO group in acetic anhydride.“ 

A schematic assessment of the contributions to the change in E for the various acylating 
agents is shown in Table 10. The acid chloride is taken as the standard. 

Of these factors, the most important one seems to be the relative strength of the C-X 
bond, so that E is low for the acid bromides. In the acid anhydride all the factors are 
additive and the value of E is very high. In the change in rate from benzoyl chloride to 
bromide, E accounts for 85% of the increase. It is rather less important with the acetyl 
compounds where it contributes only 44% of the increase. This difference may be 
connected with the difference in bond dissociation energies of the C-X bond in R-CO-X. 
The difference is about 1-8 kcal. mole* greater for the benzoyl halides than for the acetyl 
derivatives. 

N-Substituted Anilines.—The methyl group is a source of electrons,* and its purely 
electronic effect on E alone is shown, in the benzoylation of anilines, when it is substituted 
in the benzene ring.2, When, however, it is in close proximity to the reaction centre, it 
also exerts the kind of effect which is reflected in correlated changes in E and log A, as 
observed in the reaction of acetyl and isobutyryl chlorides with m-nitroaniline. A similar 
effect is noticed in the acylation of p-nitro-N-methylaniline with benzoyl bromide. The 
methyl group causes a decrease of both E and log A and the net result is a slight increase 
in rate. The plot of log A against E for the two reactions gives a line of slope of about 
0-56, a value in the range commonly found for other reactions where compensation between 
E and log A exists.8 


PHYSICAL CHEMISTRY LABORATORY, OXFORD UNIVERSITY. [Received, May 17th, 1960.} 


*! Archer, Hudson, and Wardill, J., 1953, 888. 

*2 Moelwyn-Hughes, Proc. Roy. Soc., 1949, A, 196, 540. 

* Euranto, Ann. Univ. Turkuensis., 1959, A, $1, 62. 

“* Angus, Leckie, and Wilson, Proc. ‘Roy. Soc., A, 159, 183. 

** Carson and Skinner, J., 1949, 936. 

“* Carson, Pritchard, and Skinner, J., 1950, 656. 

* Packer and Vaughan, ‘‘ Modern Approach to Organic Chemistry,” Clarendon Press, 1958, p. 269. 
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966. LHnergy—-Entropy Relations in Acylations. Part II.* 
Medium Effects. 


By H. S. VENKATARAMAN and Sir CyRIL HINSHELWOOD. 


Arrhenius parameters have been determined at various temperatures for 
the acylation of substituted anilines with two different acid chlorides in 
benzene-nitrobenzene and benzene-phenyl cyanide mixtures. In each 
example the rate constant increases steadily with the proportion of the polar 
constituent. Up to about 25% by weight, E and log A fall steeply and over 
this range are approximately linearly related. FE is insensitive to further 
increase of the polar component but log A rises almost linearly. 

The correlation between E and log A is discussed in terms of changing 
solvation of the polar transition complex. A rough model derived on this 
basis shows qualitative agreement with the observed variations in the 
Arrhenius parameters. 


In the acylation of substituted anilines the parameters of the Arrhenius equation, k = 
Ae~*/R7T, respond in various ways to changes in the reacting molecules: A, the entropy 
term, may remain constant, while changes in k are determined solely by the activation 
energy. This is true especially for ring substitution and perhaps for purely polar effects in 
general. Structural modification in the acylating agent is associated with a rather complex 
correlation between the variations in the energy and entropy factors. The interplay of 
these effects is discussed in the preceding paper. 

The rate of acylation is markedly dependent on the solvent, which can exert polar 
effects and can also modify profoundly the structure of the transition complex. The way 
in which solvents alter the values of A and E is thus closely relevant to the general under- 
standing of energy—entropy correlations. Since the change from one solvent to another is 
difficult to represent by any quantitative parameter, the present study has been made with 
binary mixtures of polar and non-polar solvents in which the composition could be 
continuously varied. 

Previous studies have included the benzoylation of m-nitroaniline in several solvents,! 
and the benzoylation of substituted anilines in benzene®* and nitrobenzene.* The 
reactions are bimolecular and of the second order in all the solvents studied and go to 
completion. With monosubstituted anilines the solvent does not alter the transmission of 
electronic substituent effects to the nitrogen atom. The reactions are generally faster in 
polar solvents, but no unambiguous correlation has been found between the rate and the 
dielectric constant. The energy and frequency factors are both lower in the more polar 
solvents. 

In the present work various combinations of four meta-substituted anilines with two 
different acid chlorides were studied in a series of mixed solvents consisting of benzene and 
either nitrobenzene or phenyl cyanide. 


EXPERIMENTAL 


Materials.—The substituted anilines and acid chlorides were purified by crystallization or 
distillation: ‘“‘ AnalaR’”’ benzene and “‘ AnalaR ”’ nitrobenzene were used throughout. Com- 
mercial phenyl cyanide was dried for several days and then fractionated (b. p. 188—190°). 

Solvent mixtures were made up in bulk from the required volumes of the two components. 

Technique.—The reaction between the amines and the acid chlorides used is simple and 
complete. The method described by Bose and Hinshelwood * was adopted for following the 


* Part I, preceding paper. 


1 Pickles and Hinshelwood, J., 1936, 1353. 
* Williams and Hinshelwood, J., 1934, 1079. 
* Stubbs and Hinshelwood, J., 1949, 71. 

* Bose and Hinshelwood, J., 1958, 4085. 
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reactions in polar solvents and solvent mixtures, the other details being as described in earlier 
rs.%§ 

The concentrations of the reagents used in all experiments were: acid chloride, m/200; 
aniline, M/100. Between 13° and 60° electrically regulated thermostats (+0-05°) were used. 
Experiments at 0° or 5-1° were carried out in a Dewar vessel containing crushed ice or melting 
benzene (+0-2°). The rate constants are uncorrected for the thermal expansion of solvents. 
Satisfactory second-order constants were given in all cases, and are recorded in 1. mole“ sec.~} 
(see preceding paper). 

The activation energies were calculated by the method of least squares from the rate 
constants at 4 or 5 different temperatures, the plots of log & against 1/T being linear in all cases. 


Energy-Entropy Relations in Acylations. 


RESULTS 
The results of the kinetic measurements, rate constants at 25° together with E and log A, 
are summarised in Tables 1—4. The composition of the medium is given as weight per cent of 
the polar solvent. 


TABLE 1. Isobutyrylation of m-nitroaniline in benzene-nitrobenzene. 


Nitrobenzene 
(%) 
0 
13-2 
31-2, 


10%o5 
0-513 
1-514 
2-910 


57-7, 7-325 


TABLE 2. 
Phenyl cyanide 

(%) 10*ko5 
0-0438 
0-162 
0-338 
0-651 
1-140 


TABLE 3. 


Nitrobenzene 
107,, 
0-0438 
0-137 
0-156 
0-342 
0-640 


TABLE 4. 


Nitrobenzene 
10°ko5 
0-569 
0-676 
0-845 
1-392 
1-732 
2-822 


E 
10,400 
7700 
6800 
6700 


E 
10,550 
7550 
7200 
6700 
6650 


Benzoylation of m-nitroaniline in benzene-nitrobenzene. 


Nitrobenzene 


E 
10,550 
8250 
7700 
7450 
7350 


Benzoylation of m-chloroaniline in benzene—nitrobenzene. 


E 
9350 
8500 
8250 
7000 
6250 
5850 


log A 
6-31 
3-82, 
3-45 
3-86, 


log A 
4-38 
2-76 
2-81 
2-72, 


2-93 


log A 
4-38 
3-19 
2-84 
3-00 
3-16 


log A 


Nitrobenzene 
(%) 
82-0 
92-5 
96-3 
100 


(%) 
43-2 
53-3 
77-4 
91-1 

100 


(%) 
82-0 
88-5, 
92-5 
96-3 
100 


Nitrobenzene 
(%) 
57-7, 
82-0 
92-5 
96-3 

100 


10*hos 
11-68 
16-57 
21-84 
27-92 


10*k,, 
1-836 
3-036 
5-426 
6-346 
6-943 


10*hy, 
0-924 
1-076 
1-21 
1-418 
1-71 


109, 
4-813 
7-741 
9-093 

10-29 

12-54 


E 
6600 
6700 
6650 
6600 


Benzoylation of m-nitroaniline in benzene—phenyl cyanide. 
Phenyl cyanide 


E 
6650 
6700 
6700 
6750 
6800 


. 


E 
250 


2 
7200 


E 
5850 
5900 
5950 
5900 
5800 


log A 
3-28 


3-40 
3-51 


log A 
2-97 
3-29 
3-32 
3-34 
3-35 


Comparison of the results for the four sets of reactions in mixed solvents reveals the follow- 
ing general picture irrespective of the acid chloride or the amine used. 
(1) The addition of either nitrobenzene or phenyl cyanide to benzene results in a steady 


increase in rate (Fig. 1). 


(2) The curves giving the Arrhenius parameters, E and log A, as a function of the com- 


position of the solvent have the same form for all the 4 reactions, as shown in Figs. 3 and 4. 
(3) In all the examples E decreases as an approximately linear function of log A up to about 


* Grant and Hinshelwood, J., 1933, 1351. 
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25% of the polar solvent (Fig. 5). Beyond this composition there is a rapid change, E remain. 
ing almost constant while log A increases and the rate rises. 

Somewhat similar behaviour has been found for quaternary ammonium salt formation 
in the same solvent mixtures * and for the hydrolysis of esters in different mixed solvents.’ 


DISCUSSION 


Correlation of Rate with the Composition of the Solvent.—The variation of rate with 
composition is generally similar for different systems as is illustrated in Fig. 1 where log 
kgs is plotted against the percentage of the polar component. It is perhaps surprising that 
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the rates are higher in phenyl cyanide mixtures despite the lower dielectric constant. 
Similar results have been found in solvolysis,’ hydrolysis, and quaternary ammonium salt 
formation. They indicate that dielectric effects are not of prime importance ™ and may 
indeed play a minor réle.!* Leffler * has pointed out that even the ionizing power of a 
solvent is not due to its dielectric constant alone but also to a specific chemical effect. 


* Raine and Hinshelwood, J., 1939, 1378. 

7 Tommila, Koivisto, Lyyra, Antell, and Heimo, Ann. Acad. Sci. Fenn., 1952, A, I1, 47; Tommila, 
Suomen Chem., 1952, 25, B, 37; Tommila and Hietala, Acta Chem. Scand., 1954, 8, 257. 

* Hammond, Reeder, Fang, and Kochi, J. Amer. Chem. Soc., 1958, 80, 569. 

* Hudson and Brown, J., 1953, 883. 

1 Watanabe and Fuoss, J. Amer. Chem. Soc., 1956, '78, 527. 

1 Pearson, J]. Chem. Phys., 1952, 20, 1479. 

12 Streitwieser, Chem. Rev., 1956, 56, 603. 

13 Leffler, J. Org. Chem., 1955, 20, 1202. 
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An interesting empirical relation is shown in Fig. 2 where log k,, is plotted against the 
partial vapour pressure 1 of the polar component, and the curves for the two systems are 
seen to be almost coincident. This partial vapour pressure is a measure of the tendency 
for the polar component to escape from the bulk medium and may be related to the ease 
with which its molecules can be disengaged to arrange themselves around the activated 
complex as a solvation sphere, and so, in turn affect the reaction rate. This problem, 
however, is not a very tractable one. 

Activation Energies and Frequency Factors.—The dependence of E and log A on the 
composition of the solvent is represented in Figs. 3 and 4. As the proportion of the polar 
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component is increased, E decreases rapidly, reaching a minimum value at about 25%, 

beyond which it is insensitive to further addition of nitrobenzene or phenyl cyanide. 

Log A also falls rapidly to a minimum at about the same point as E but beyond this it 

increases more or less linearly. (A similar change is observed in the racemization of a 

biphenyl derivative in dioxan—water and dimethyl sulphoxide-water mixtures.'*) The 

plots of log A against E for all the reactions show an approximately linear relation as far 
44 Martin and Collie, J., 1932, 2658. 


48 Martin and George, j 1933, 1413. 
% Leffler and Graham, fs Phys. Chem., 1959, 68, 687. 
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as the composition at which the constant value of E is attained, the linear portions having 
a slope of about 0-6. 

The reaction between the amine and the acid chloride involves an increase in polarity 
in the activated complex, and a zwitterion structure has been suggested for the transition 
state.” There will be a considerably greater charge separation than in the reactant 
molecules separately and the complex will orient more solvent molecules.% The influence 
of the medium on such reactions is well known.!**!_ The rates are higher in nitrobenzene 
and phenyl cyanide, and as expected ¥ E and log A are both low. Up to 25% of the polar 
solvent, the fall in E may well be due to the gradual increase in the solvation of 
the transition complex as more molecules of the polar solvent become available. When 
there are enough to surround this complex, EF will not suffer much further change. The 
low value of the entropy in this region is explicable by that lost when solvent molecules 
become frozen in the polar transition state.* The fact that further addition of them 
actually increases the entropy term seems at first sight surprising. To explain such effects 
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various factors have been invoked, such as the internal structure of the solvent and the 
ability of the solvent to prevent relapse of the transition complex into its original state.” 

For variations in the rates of reactions under high pressures * linear relations have 
been found between the energy and entropy factors. Laidler * has suggested that factors 
tending to increase the binding of the solvent molecules during the activation process bring 
about a decrease in both energy and entropy and there appears to be almost exact com- 
pensation between these two factors. This is paralleled by the present results in solvent 
mixtures containing up to 25% of the polar solvent. 

Rough Model of E-log A Relations.—The following model is intended to illustrate 
qualitatively the variation of log A with composition, and in particular to reproduce the 
continued rise in the entropy factor after E has fallen to its steady minimum value. 

Let the transition complex be capable of accommodating m molecules of the polar 
solvent around it, m being comparable with a co-ordination number. Let the mole fraction 
of the polar solvent be «. Then, if pure chance determined whether a given one of the 

17 Elliot and Mason, Chem. and Ind., 1959, 488. 

18 Bell, J., 1943, 629. 

19 Wynne-Jones and Eyring, J]. Chem. Phys., 1935, 3, 492. 

2° Ogg and Rice, J. Chem. Phys., 1937, 5, 140. 

*t Laidler and Eyring, Ann. New York Acad. Sci., 1940, 40, 303. 

22 Tommila and Kauranen, Acta Chem. Scand., 1954, 8, 1152. 


23 Burris and Laidler, Trans. Faraday Soc., 1955, 51, 497. 
*4 Laidler, Discuss. Faraday Soc., 1956, 22, 88. 
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m places were occupied by the polar or the non-polar component, the probability that » 
out of the m places is occupied by polar molecules would be 


mC, .a"(1 — a)™-* 


If, as is almost certain, there is an energy difference for solvation by polar and non- 
polar molecules, the chance for each of the former is increased by a Boltzmann factor which 
virtually increases « to a higher value which can be designated a’. 

Let E, be the activation energy in the non-polar solvent. This will be lowered by each 
polar molecule entering the solvation zone of the complex, being E, — f(m) when the 
number is . Each of the solvated complexes will make its own contribution to the total 
reaction rate, the total being proportional to 


Su. a’n(l — ayn". exp [—(Ey — f(0)}/RT) 


Calculations can now be made as follows. A value of 6 may be assumed for m and will 
not be far from correct. A trial assumption is next made about f(m), for example, that 


Fic. 6. 
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each polar molecule in the solvation zone reduces E, by an equal amount, until the value 
for n = 6 becomes equal to that for the polar medium itself. The relative contribution 
to the rate from each of the complexes corresponding to values from = 0 to m = 6 is then 
calculated, and the total found. This process is repeated for a series of values of «’. As a’ 
increases from 0 to 1, the value of » from which the maximum contribution comes shifts 
from 0 to 6. The whole calculation is then made again for a higher temperature, the 
contribution due to each value of m having of course a different temperature coefficient. 
From the total calculated rates at the two temperatures the observable value of the activ- 
ation energy for each value of «’ can be found by application of the Arrhenius equation. 
We now have the total calculated rates, each one relative to that in the non-polar medium, 
and the observable activation energies for each composition, and from these the corre- 
sponding values of log A can be calculated. 

To illustrate the general form of the results we may take «’ to be given nearly enough 
by a, the actual mole fraction. With the above assumption about f(m) the activation 
energy falls too gradually: nevertheless, the most important characteristic of A is 
predicted, namely, the fall to a minimum and the subsequent rise. 

A different assumption can now be made, namely, that successive polar molecules in 
the complex produce decreasing effects, and it is not difficult more or less to reproduce the 
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actual course of the E-composition curve. When this is done the variation of A with 
composition is as shown in Fig. 6, which shows the essential qualitative characteristics of 
the experimental curves. In view, however, of the assumed identity of « and a’ the 
concentration scale must really be distorted. ef 
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The model does at least give a possible rational explanation for the minimum in the e 
value of A. It may be useful to re-state this in simple terms. At certain intermediate 
compositions it is far from probable that the complexes with high values of ”, the number b 
of polar solvating molecules, will predominate in the solution. Nevertheless, in virtue of T 
their low activation energies and in spite of their relative scarcity, these particular ec 
complexes make the largest contribution to the rate. Because they do this, the observable 
rate is associated with a measurable activation energy corresponding to the high solvation 
number. When now the mole fraction of polar solvent is increased, the probability of § al 
high polar solvation numbers increases, and the rate rises. But since the major con- st 
tribution to the rate was already coming from the highly solvated complexes, the activation | al 
energy cannot be much more reduced. Hence the tendency for E to reach a limit while el 
A steadily rises. o! 

PuysicaL CHEMISTRY LABORATORY, OXFORD UNIVERSITY. [Received, May 17th, 1960.} 
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967. The Benzoylation of Substituted Anilines. An Investigation into 
the Effects of Polar Substituents on the Heat of Reaction. “ 
By A. E. Suirov and H. S. VENKATARAMAN. 
0 
An investigation is made into the effect of ring substitution in the 
benzoylation of aniline on the heat of reaction, — AH, in benzene solution: 
2X*CgHyNHyg + Y¥*CgHyCOC] ——m X°CgHgtNH-CO"CgHyY + X*CgHy’NH5* + Cl- a 
The reactions are exothermic and for the various substituents the rates c 
parallel -AH. Substituents which lower the activation energy E increase ce 
—AH, and the equation E = 20-5 — 0-3(—AH) holds approximately. The te 
results are discussed in terms of the Hammett equation. The effect of ce 
substituents on the rate of reaction is related to the sign of — AH for the rate- 
determining step. Ww 
Many reactions of substituted benzene compounds follow a relation known as the Hammett : 
equation, widely applied in the form si 
Ea Perr we eee P 
K, and Ky are rate or equilibrium constants for reactions of the substituted and the un- z 
substituted compound respectively, « is a constant which depends on the nature and di 
position of the substituent, and p is the “ reaction constant ’’ which depends on the nature se 
of the reaction and the conditions under which it takes place. 

If the rate and the equilibrium constants for the same series of reaction follow relation (1) 
and the pre-exponential factors of the Arrhenius equation are constant for different m 
substituents in the para- and meta-positions, it follows that ? . 

ee ee a | 
where E is the activation energy, —AH is the heat of reaction, and B and « are constants. u 
% = pr/pe, pr and p, being the “reaction constants” of the rate and the equilibrium - 


respectively. 


1 Semenov, ‘Some Problems of Chemical Kinetics and Reactivity,” Vol. I, Pergamon Press, 
London, 1958. 
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Equation (2) is identical with the relation found by Polanyi and Evans? for radical 
reactions in the gas phase. Equation (2) may be expected to be valid for side-chain 
reactions of benzene compounds with meta- and para- substituents when there is no steric 
effect on the activation energy. The present investigation was designed to provide an 
experimental test. 

The reaction chosen was the benzoylation of aniline in benzene solution, which had 
been studied kinetically by Williams and Hinshelwood * and by Stubbs and Hinshelwood.* 
This work had shown that the reaction takes place quantitatively according to the 
equations: 

(1) CgHg*NH, + CgH,*COC] —t CgHy*NH*CO°C,H, + HCI 
(2) CgHg*NH, ++ HCl —2 C,H,°NH,*CI- 


and is kinetically of the second order. The velocity constants determined for different 
substituted anilines cover a 50,000-fold range, the entropy of activation being 
approximately constant and all differences in rate arising only from changes in activation 
energy. These characteristics of the reaction make it very suitable for the verification 
of equation (2). 

The only disadvantage of this reaction for the purpose of an investigation is that the 
products are precipitated from the solution, so that the overall heat of reaction includes 
the heat of the crystallisation of the product. 


EXPERIMENTAL 


The calorimeter was a Dewar vessel with a mechanical stirrer and it was placed in an air- 
thermostat. The heat of reaction was determined from the temperature change, AT, ac- 
companying addition of 1 ml. of a benzene solution of benzoyl chloride to a fixed large volume 
of benzene containing aniline in excess. 

AT was measured by a thermistor which had a resistance change of 3-5% for 1° at 20° c. 

Two different techniques were used. For comparatively fast reactions with rate constants 
equal to or higher than that for unsubstituted aniline with benzoyl chloride, the concentration 
of the reagents was chosen so that completion of the reaction occurred within 2 min. The 
concentration of the benzoyl chloride being kept equal for the substituted and the unsubstituted 
compounds, the ratio of the heats of the two corresponding reactions (— AH,)/(— AH,) is equal 
to AT,/AT,. The differences in specific heat of the solutions of the different compounds at the 
concentrations used were negligible. 

For slow reactions with rate constants equal to or lower than that of the reaction of aniline 
with benzoyl chloride, the course of the temperature rise was followed kinetically. It was 
possible to select concentrations such that c, > co, but V,° > V,° as ky > k,, where c, V, and k 
are concentration, rate, and rate constant respectively; subscripts s and o correspond to the 
substituted and unsubstituted compound: V® is the initial rate. When the reaction takes 
place, however, V, decreases faster than V,, so that by plotting AT, and AT, against time it is 
possible to obtain an intersection point where AT is the same for both reactions (Fig. 1). At 
any moment differences in AT for both reactions will not have exceeded 0-07°c, so that 
differences in heat losses are negligible. Therefore, if ¢, is the time at which both curves inter- 
sect, then AT," = AT, and (—AH,)m, = (— AH ,)mg". 


Hence —AH, = (—AH,)m,4/m,4 


m,' and m," being the quantities of products in moles at the time #,. 

m," and m,': were estimated by Volhard’s method by filtering off the precipitated aniline 
hydrochloride and dissolving it in water as described in previous papers.* 

The energy equivalent of the calorimeter was determined electrically. Heat was produced 
in a thin nichrome wire immersed in the reaction vessel containing the same amount of benzene 
as that used in the reaction, the electrical energy being adjusted to give a value of AT nearly 
the same as in the reaction. 

* Evans and Polanyi, Trans. Faraday Soc., 1938, 34, 11. 


* Williams and Hinshelwood, J., 1934, 1079. 
* Stubbs and Hinshelwood, J., 1949, 71. 
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The techniques used permitted the determination of differences in the heats of reaction with 














































a precision of about 0-5 kcal./mole. = 
Benzoyl chloride, p-nitrobenzoyl chloride, and the various aniline derivatives were purified . 
to constant m. p. or b. p. by recrystallization or fractionation. ‘‘ AnalaR”’ benzene was used 
as solvent in all experiments. hy 
for 
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The results are summarized in Table 1. Activation energies for all compounds except 
p-phenylenediamine are taken from the previous papers.** That for p-phenylenediamine was 
estimated by plotting E against o for various substituents and extrapolating the straight line at 
o = —0-660 for the p-amino-group.® : 
hin 
DISCUSSION ' Xe 
The results in Table 1 demonstrate a very strong dependence of the heat of reaction on 0 ‘ 
the polar effect. The range covered is from 35-5 kcal./mole for m-nitroaniline and benzoyl 
chloride to 54 kcal./mole for aniline and -nitrobenzoyl chloride, the corresponding range 
of activation energies being from 10-64 to 5-9 kcal./mole. 
TABLE 1. Benzoylation of substituted anilines in benzene solution. 
Activation Heat of Activation Heat of 
energy E__ reaction —AH energy E__ reaction —AH of 
Amine (kcal. mole“) (kcal. mole“) Amine (kcal. mole“) (kcal. mole~) che 
p-Phenylenediamine 4-70 * 51-70 o-Toluidine............ 8-18 44-15 I 
3,4-Dimethylaniline 6-43 46-55 p-Chloroaniline ...... 8-53 39-50 % 
p-Toluidine......... 6-75 46-15 m-Chloroaniline ... 9-27 36-20 pol 
m-Toluidine ......... 7-24 43-15 m-Bromoaniline ... 9-34 37-10 un 
2,4-Dimethylaniline 7-35 49-10 o-Chloroaniline ...... 10-58 33-45 ‘ 
o-Anisidine ............ 7-49 43-35 m-Nitroaniline ...... 10-64 33-30 it ¢ 
PED cecccesdeccses 7-60 41-70 (Aniline ¢ ............ 5-90 54-15) Th 
* Calculated value.  { With p-nitrobenzoyl chloride. Sur 
= ‘Tag calae . ‘ not 
Fig. 2 shows a plot of activation energy against the heat of reaction. Almost all the 
points lie approximately on the straight line E = 20-5 — 0-30(—AH), in agreement with au 


the equation (2), « having nearly the same value as for gas-phase radical reactions. 

It should be noted that para-, meta-, and some of the ortho-derivatives lie on the same 
line, showing that the ortho-effect in the activation energy corresponds to an ortho-efiect 
in the heat of reaction. For o-toluidine and 2,4-dimethylaniline the activation energy is 
somewhat higher than that according to the equation. This may be due to some kind of 


5 Jaffee, Chem. Rev., 1953, 58, 191. 
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steric effect. The point corresponding to the reaction of p-nitrobenzoyl chloride also lies 
above the straight line. 

In the reaction of #-nitrobenzoyl chloride with aniline, the precipitate is still aniline 
hydrochloride as in the reaction of aniline with unsubstituted benzoyl chloride, but the 
former reaction is 12 kcal. more exothermic than the latter. This means that the difference 
in heat between these two reactions lies in bond energy and not in heat of crystallisation. 

From equation (2) it follows that when A(AH) —» 0, AE approaches zero, that is, 
there is no change in activation energy when a polar substituent does not change the heat 
of reaction [A(AH) = —AH, — (—AH,) and AE = E, — E,]. 





13 
iooF ! 
. : llo 
Fic. 2. Relation of energy of activ- 10 
ation to heat of veaction. Substitu- re) g 
ents in the amine: 1, p-NH,; 2, TT. 8-OF 9 ° 


3,4-Me,; 3, p-Me; 4, 2,4-Me,; 5, 
m-Me; 6, H; 7, o-OMe; 8, o-Me; 
9, p-Cl; 10, m-Br; 11, m-Cl; 12, 
o-Cl; 13, m-NO,. Substituent in 
acid chloride: 14, o-NO,. 


E(kcal mole 
oa 
Oo 
T 
a 


om 
Oo 
T 








1 1 1 1 
32 35 40 45 
-4 H(kcal. mole ) 





The result suggests that the reaction proceeds in one elementary stage with no steric 
hindrance from the substituent. This is the case for isotopic exchange, ¢.g., 
X-C,H,CH,I + KI* —» X-C,H,-CH,I* + KI. Here for all the substituents -AH = 
0 and A(AH) = 0. In Table 2, results for this reaction are given, taken from the papers 


TABLE 2. X-C,H,*CH,I + I*- —» X-C,H,°CH,I* + I-. 


RE TS es H p-NO, p-Br p-1 
ae hat ce NEON IR 0-47 0-81 0-70 0-73 
E (cal. mole?) ........ccseecceseees 16,200 15,570 16,656 16,600 


of Kahn e¢ al.6 It can be seen that the polar effect in this series is very small. -NO, 
changes the rate only by a factor 1-7 in methyl alcohol at 20°, whereas the corresponding 
substitution in aniline decreases the rate by a factor of 1800. However, the effect of a 
polar substituent is too large to be accounted for by experimental error and is not entirely 
unexpected. Though the polar substituent does not affect the overall heat of the reaction, 
it does affect the potential energy curve involved in the definition of the transition state. 
The substituent NO, decreases the repulsion of the I-ion approaching the carbon atom. 
Such effects should be smaller than those predicted by equation (2), and probably they do 
not follow the Hammett equation quantitatively. 

According to equation (2), in reversible systems, there must be opposite effects of polar 
substituents on the direct and the opposed reaction, since 


AE = —aA(AH) for forward reactions 
AE = (1 —‘x) . A(AH) for reverse reactions 


In terms of the Hammett equation this means that p, for the direct reaction has the 


Kahn ef al., J. Amer. Chem. Soc., 1953, 75, 3579; 1954, 76, 3796; U.S. Atomic Energy Com- 
mission, 1954, 1873 UNM; L.A., 1956, 2017 UNM. 
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opposite sign from p, for the opposed reaction, the absolute value of p, for the equilibrium 
being therefore higher than either p, or p9. 

There are few examples of reactions where all the three values of p are known under the 
same conditions. One of these is the reaction 5 


I 
H*CO,H + C,Hy*NH, == C,H,"NH°CHO +- H,O at 100° 
2 


py = —1-224, Ps = 0318, Pe, = —1-429 


On this basis it is possible to explain the opposite effect of a polar substituent 
on reactions of identical mechanism. Such an effect can be expected when the heat 
change for the rate-determining step of the reactions is of opposite sign. Substituents 
which increase the heat of reaction will increase the rate of an exothermic reaction and 
have the reverse effect on the rate of an endothermic one. 

These conclusions are not always open to direct experimental verification. They are 
valid for elementary reactions only. Interpretation is more difficult for reactions in which 
the overall process involves several stages, which are affected by a polar substituent. 


We thank Professor Sir Cyril Hinshelwood, O.M., P.R.S., for the facilities to carry out this 
investigation and for much helpful advice and discussion. 


PuysicaAL CHEMISTRY LABORATORY, OXFORD UNIVERSITY. (Received, June 1st, 1960.] 


968. The Stereochemistry of Acetylacetone Complexes of Zinc. Part I. 
The Crystal Structure of Monoaquobisacetylacetonezinc. 


By E. L. Lippert and Mary R. TRUTER. 


One of the complexes obtained from an aqueous suspension of zinc 
hydroxide and acetylacetone has a composition corresponding to 


(CH,-CO-CH-CO-CH,),Zn,H,O 


A three-dimensional X-ray crystal-structure analysis of this compound has 
shown that the zinc atom is 5-co-ordinated, with the bonds arranged in a 
trigonal bipyramid. The water molecule and one oxygen atom from each 
acetylacetone group lie in the equatorial plane; the bond lengths are 
Zn-H,O = 2:02 + 0-03A and Zn-O = 1-96 + 0-02 A. The other oxygen 
atoms of the chelating acetylacetone groups form the apices of the bipyramid 
and the Zn-O bond length is 2-11 + 0-02 A. 


THE preparation of anhydrous acetylacetonezinc, as described by Morgan and Moss, is 
extremely simple. The calculated amount of acetylacetone is added to a hot aqueous 
suspension of zinc hydroxide, the suspension clears, and as the solution cools crystals 
of the complex separate. We have repeated this preparation and found that the system 
is more complicated. Usually we obtained colourless, needle-shaped crystals, type 4, 
which on chemical analysis proved to be the monohydrate of acetylacetonezinc. Although 
the crystals were stable in air, they decomposed after a few days in the X-ray beam. Some 
preparations produced less stable, plate-like crystals, type B, which decomposed in a few 
days in the air and after only a few hours in the X-ray beam; preliminary measurements 
which are not altogether satisfactory indicate that this compound is probably diaquobis- 
acetylacetonezinc. 

This paper describes the crystal structure analysis of the crystals of type A; for each 


1 Morgan and Moss, J., 1914, 105, 189. 
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zinc atom, there is one water molecule [which we designated O(1)] and two acetylacetone 
groups which we numbered as shown: 


(2) (23) (3) (4) (45) (5) 


CHa (22) /CHs. (33) “CH CH 3, (44) /CH\, (55) “CH 
3\ y ba 3 — \ V/ 3 
O(2) O13) ot4) o(5) 
Molecule (23) Molecule (45) 


METHODS AND RESULTS 


Crystal Data.—C,)H,,0,;Zn, M = 281-62, m. p. 131°. Monoclinic, a = 10-91 4+ 0-01, b = 
5-517 + 0-005, c = 10-46 + 0-01 A, 8 = 93-6° + 0-2°, U = 628 A, D,, = 1-50 (by flotation), 
Z=2, D, = 1-49, F(000) = 292. Space group, P2, (C,?, No. 4) established after structure 
analysis. Cu-K, radiation, single-crystal oscillation and Weissenberg photographs, absorption 
coefficient, » = 29-5 cm.. 

Structure Determination.—From the systematic absences, (0k0) with k odd, the space group 
js not unambiguously determined and may be P2, or P2,/m. There are two units of 
Zn(C,;H,O,),,H,O per unit cell, which means that all the atoms of one formula unit must be 
found if the space group is P2,, while if the space group is P2,/m the zinc atom (and the water 
molecule) must lie either on a centre of symmetry, e.g., at 0,0,0, or in the mirror plane at y = }. 
Statistical tests are unlikely to provide a reliable differentiation because the scattering power of 
one of the atoms is much greater than that of the others.** 

A Patterson projection along [010] showed that the zinc atom did not lie on a centre of 
symmetry and gave the # and z co-ordinates for this atom. Successive Fourier syntheses and 
difference Fourier syntheses served to locate all the carbon and oxygen atoms. The 
projection is well resolved as shown in Fig. 1; as every atom in the acetylace tone groups appears, 
none of them can be related by the mirror plane, and the groups appear too distorted to be lying 
in the mirror plane parallel to (010). Hence, the space group is P2,. 

For the [001] projection, the ¥ co-ordinate for zinc was taken as that determined from the 
[010] projection, and the y co-ordinate was taken as 0-250 (any value for y may be chosen for 
one atom in the space group P2,). Structure factors were calculated for this atom only (and so 
corresponded to a structure with a mirror plane at y = 0-250) and a Fourier synthesis 
was carried out; the resulting electron-density projection was difficult to interpret because each 
atom appeared on both sides of a mirror plane at y = 0-250; the method of solving this problem 
has been described for the more complicated case of cholesteryl iodide,‘ so we give no details 
here. With the aid of the known * co-ordinates we were able, after several successive structure- 
factor calculations and Fourier syntheses, to locate the five oxygen atoms and four of the 
carbon atoms. 

We had been unable to locate six of the carbon atoms by two-dimensional methods, so we 
calculated three-dimensional structure factors from the known co-ordinates of the zinc atom and 


nine light atoms; at this stage the agreement index, R, was 0-23 (R = (IF r [Fel)l) A 

o 
three-dimensional Fourier difference synthesis gave the difference between the observed and 
the calculated electron densities throughout the unit cell; six positive peaks appeared in 
positions which, with the atoms already known, showed a recognisable structure as depicted in 
projection in Figs. 1 and 2. A view of the molecule along [001] shows (Fig. 3) why we were 
unable to solve this projection. 

Three-dimensional refinement of the co-ordinates of the atoms other than hydrogen was 
carried out by the method of least squares, and the individual anisotropic thermal motion 
parameters for each atom were determined. The value of R was reduced to 0-12. The observed 
structure amplitudes and the real and the imaginary parts of the calculated structure factors 
are given in Table 1. From the final parameters a set of structure factors was also calculated 
for the reflections that were too weak to be observed; the value of R was 0-09 with |F,| taken 
as half the minimum observable. 


* Hargreaves, Acta Cryst., 1955, 8, 12. 
* Truter, Cruickshank, and Jeffrey, Acta Cryst., in the press, 
* Carlisle and Crowfoot, Proc. Roy. Soc., 1945, A, 184, 64. 
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Fic. 1. Projection of the structure along [010]. The molecule shown by full lines corresponds to the co- 
ordinates in Table 2; application of the two-fold screw axis (giving the co-ordinates —x/a, 4 + y/b 
—2z|c) produces the molecule shown by broken lines. oa 


Cc -— 





(3) 








Fic. 2. Projection of the structure along [100]. Full and broken lines have the same significance as in 
Fig. 1. The dotted line indicates the hydrogen bond, 2-95 A, from the water molecule in one complex 
to O(2’) in another; the other hydrogen bond, 2-67 A, to O(5”’) lies nearly parallel to the [100] axis. 





(3) (7) 


(4) 


Fic. 3. One molecule seen in projection along 


=m 





(8) (2) 





Finally, the structure determination was checked by a complete three-dimensional Fourier 
difference synthesis. No positive value of the electron-density difference greater than 
l electron A* was found. It was not possible to identify the peaks as hydrogen atoms. 
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(1960) Acetylacetone Complexes of Zinc. Part I. 4999 
n TABLE 1. Observed structure amplitudes and components of the calculated 
b, structure factors (x 10). 
(Reflections which were too weak to be observed have been omitted.) 
1 [Fol |Feicosa [Felsina ¢% [Fol |Felcosa |Felsina ¢% |Fo| |Felcosa |Folsina / |Fo| |Felcosa [Fe] sina 
ool 121 24] 4 
2 9% 121 0 0 228 104 184 0 218 215 30 0 386 —192 356 
3 162 —110 0 1 28 9 —35 1 & «ff 4 1 352 —385 113 
4 277 —295 0 2 384 —342 73 3 240 168 —12 2 473 —513 116 
5 194 —168 0 3 472 —406 218 3 382 —280 229 
6 282 —291 0 4 341 —283 119 on 4 88 68 62 
7 273 —278 0 5 63 —38 42 1 149 156 51 5 245 164 87 
10 100 104 0 6 69 53 15 ; io be —— 6 276 224 -79 
11 100 113 0 7 162 151 33 ; on eae “3 7 270 193 —61 
12 «76 98 0 8 132 74 59 — * 8 183 145 —30 
13 46 54 0 9 132 106 —33 9 108 66 —52 
10 141 99 —4 261 10 110 —72 —67 
ou 12 49 —32 3 0 16 122 -—41 u 8l 85 —44 
1 289 —315 —45 ~ ag is @ <8 —10 
2 272 —204 —238 131 
3 258 —232 —164 0 340 —236 —179 301 421 
4 29 -—238 —101 1 237 —242 —76 —32 0 466 —411 14 
5 294 —205 —168 2 130 7 142 2 SS : s @ Bee 
6 57 46 7 3 289 83 —61 2 174 —207 0 2 327 238 126 
7 276 279 45 4 407 374 —150 3 108 —150 0 3 325 851 97 
8 237 244 14 5 378 387 —181 4 4% —14 0 4 359 367 108 
9 153 139 —45 6 167 108 —101 5 81 81 0 5 286 295 ar = 
10 «(144 84 62 7 85 99 60 6 277 246 0 6 80 46 —23 
ll 90 49 33 9 98 —101 —22 7 870 368 0 7 155 114 90 
in 13 54 49 23 10 7 —81 46 8 310 292 0 9 139 —142 47 
lex 021 141 9 92 110 0 10 147 —126 93 
0 333 —182 —261 0 238 230 -— Bw © —m ft] = 
1 165 —181 —70 1 221 233 —62 - = = 36 
2 166 —109 121 2 181 225 3 : 43 
3 1651 —86 35 3 6340 292 —28 0 450 —408 122 0 287 278 | 
4 334 4260 86-94 151 1 236 10 —204 1 247 23 —b7 
95 " 9 a Ons - - 
i a ee ae ee ae oe eh h6U Se hl 31 
: = + it 1 40 153 8649 = ae a 3 152 ©6127 51 
7 172 110 —112 ; & = “4 4 372 371 165 a er 64 
§ 188 —134 —126 2 13 —_ 5 246 255 15 17 
1220 -—9%  —36 201 6 235 227 # —41 . a. ee 
fo —il . , 2 58 —6 5 ‘ 
oe 4 0 712 —808 0 s te — - 8 143 —145 —23 
md _ a. —49 - o 
1 69 0| 51 9 a ae ° 9 126 —90 26 451 
031 3 299 326 0 10 9 —76 16 0 185 —171 71 
1 245 296 93 4 208 247 0 S 8 = = 1 108 —247 37 
9 464 380 —169 5 60 76 0 wa 2 263 —218 56 
5 448 310 —368 6 282 316 0 2 
4 398 211 —140 7 143 = 138 0 0 205 58 = —181 50! 
5 184 78 —~111 8 57 —58 0 1 400 402 —72 0 219 205 0 
8 228 —173 =—Oé 9 197 —195 0 2 498 496 —147 1 360 340 0 
9 221 —166 22 10 97 —88 0 3 379 221 —267 430 472 0 
10 8} —72 69 13 74 25 0 4 219 177 —85 3 237 249 0 
ou nu 2 te ees: Be 
Re : 6 297 —222 107 5 —12 
0 368 360 —32 0 475 —242 —454 7 159 —103 yn | 7 167 —138 0 
; 1 35 49249 = —37 - = — 8 197 -156 —88 $8 6 —36 0 
" - eo vo on 7 en 
a “ — [em <—m £ 2 ae 4 5u : 
05 4 21 50 —204 0 101 45 9 
2 2% —251 43 5 188 —123 —137 . 1 167 —88 157 
q 3 240 —185 -12 6 1838 —150 —82 331 2 351 —280 —76 
ou 7 323 —288 28 0 251 234 50 3 3237 —334 41 
: 8 299 —261 53 $ & —S 33 4 246 —202 43 
o % —93 48 9 132 —117 46 3 147 —184 25 5 226 —234 73 
a 8 86 10 65 —60 138 4 287 —284 24 6 1440 —111 14 
‘ 101 12 «49 55 4 5 238 —255 24 7 199 —10 —198 
‘ ¢ @  -€i —15 8 168 50 —125 
0 216 195 0 pd 7 9 —42 —68 9 203 183 —45 
long i, 0 0 300 315 —72 8 125 91 8 10 M5 ~~ 112 -11 
2 46 —51 0 1 403 350 84 9 92 115 —21 
3 555 564 0 2 121 25 —84 10 105 87 —95 521 
. 8 0 8 361 —317 15 0 348 —341 183 
6 208 —226 0 4 339 —302 3 1 460 —513 81 
7 401 —418 0 5 352 —357 —3 34l 2 205 —169 —52 
8 356 —358 0 6 211 —176 —3 0 275 —2651 164 4 162 127 —55 
9 185 —213 0 7 #132 —89 —38 1 237 —238 2 5 285 255 21 
10 92 —9% 0 8 74 —7 52 2 284 —201 —45 6 275 238 —7% 
13 «65 79 0 9 85 73 29 is 7 211 169 3 
10 150 127 —51 5 8 180 9 —4 
0 a mer i 11 69 90 —36 0 4139 —163 7 9 113 —37 —89 
a a, a ae 58 —48 10 102 —109 —37 
1 302 42 —_ on 401 11 80 —102 —27 
- ia _ _— - 
3 109 —48 —89 0 201 —188 75 0 119 —101 0 531 
4 269 —259 —8 1 286 —316 26 1 49 48 0 0 305 —178 145 
5 303 -—286 —119 2 295 —240 117 2 244 —248 0 1 122 —103 12 
sie : 263 —233 —63 3 298 —223 181 3 291 —273 0 2 125 106 49 
—136 76 4 249 —245 63 4 310 —318 0 3 190 76 55 
’han 8 106 32 100 6 85 12 —51 5 114 —138 0 4 205 183 39 
9 115 88 50 7 143 121 65 $$ 4% —8 0 5 214 189 3 
10 135 97 15 8 243 239 77 8 102 110 0 7 10 —87 —32 
ll 104 111 55 9 29 96 —66 9 137 140 0 8 109 —125 —39 
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IFo| |Fe] cosa |Fec| sina 


(Continued.) 
10,10 
0 147 123 
3 115 —108 
4 124 —115 
5 121 —118 
6 139 —143 
8 43 10 
9 30 29 
10,2,! 
0 122 —123 
1 41 —145 
2 165 —169 
8 1ii7 —87 
7 94 100 
8 69 89 
10,3,! 
0 108 —105 
1 92 —82 
2 109 —16 
3 98 81 
4 92 84 
5 85 84 
11,0,! 
0 104 —110 
2 90 103 
3 114 127 
4 121 135 
5 95 91 
6 83 82 
7 51 27 
11,1 
0 123 116 
1 78 71 
2 89 91 
3 74 58 
6 89 —98 
7 78 —87 
11,2,3 
0 68 71 
2 74 28 
3 63 —57 
4 109 =—102 
5 97 —110 
6 69 —75 
7 20 3 
11,3,/ 
0 99 —103 
1 120 —100 
2 92 —95 
12,0,) 
0 64 —68 
1 70 —50 
12,1, 
0 54 —56 
2 57 58 
3 91 105 
4 68 85 
5 61 82 
6 48 64 
12,2,1 
0 85 95 
1 113 107 
2 8u 96 
12,3,1 
0 60 54 
2 85 —43 
3 85 —89 
13,0,/ 
0 56 56 
4 51 —55 
5 46 —52 
13,1,1 
0 78 —73 
1 78 —8l 
3 43 —50 
13,2,1 
1 49 3 
2 74 72 
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TABLE 1. (Continued.) 








Sin 4b Fol |Felcosa [Fel sina £ |Fol |Felcosa |Felsina 1 |Fo| ,Felcosa {Felsina 1 |Fol |Felcosa |Felsine 
—231 —421 est ~ 
0 1 136 —33 —163 1 260 —213 106 P a: 
0 9 2% 226 -—58 2 446 —439 . tis: <= +..2 2 0 
0 3 386 —356 2 3 373 —353 109 3 293 173 “as 2 132 134 0 
0 : 4 286 —216 62 4 194 —160 92 4 117 20 ~ Ss 3 81 76 0 
0 $ 177 ~—-147 61 6 194 186 40 6 129 -36 —39 7s = o 
0 7 8% % 61 7 23 4225 -69 9 109 -106 28 
0 $ 173 174 —46 8 202 159 —§ —91 
0 9 167 109 —20 9 16 82 -8 5 oe - , 
0 136 —43 —6: - - 
é 10 148 5 12 ie 63l m ; “ae cue a 
—24l 1 270 —155 is ~ on 262 22 3 185 —200 43 
1 401 —375 85 2 122 126 23 3 169 oe —37 4 162 —171 26 
3 21 -1 22 3 360 245 125 4 188 —18 = >’ & -—& 44 
3 217 3 42 4 300 263 78 . - os —2 7 «661 57 -13 
- 5 245 170 118 . a —10 8 65 65 —22 
—301 8 135 —137 15 : ee 70 
1 276 —243 0 9 8 —73 16 7 25 54 in 
2 216 229 0 
3 358 398 0 —44l _64l 1 182 —178 —18 
4 486 472 0 1 232 198 —99 1 161 197 2 (85 —96 29 
5 277 302 0 2 234 238 —56 aw — 5 17 121 ma 
4 6 143 136 0 3 234 4 «190 reo” s 39 6 132 103 atl 
* 7 74 —63 0 - 
17 9 8 —77 0 — 500 —~701 
9 1 83681 —66 0 1 106 95 0 1 27 7. —931 
2 61 47 0 . 0 3 139 128 50 
- —31 3 393 —347 0 : rey —175 0 4 143 120 ee < 
91 ; 1 437 243 —356 4 370 —381 0 . i OR 0 5 86 62 —61 
80 2 294 263  —136 5 309 —321 0 5 ise 178 0 
-8 3 378 480344 176 6 270 —269 0 ;. a. ae ° 
13 oo . . —é? 228 9 92 100 0 i ee 0 ~10,0, 
8 5 156 —68 70 1 897 120 0 é “2 99 0 .  o, =a 0 
7 6 226 —215 38 = 3 89 —105 0 
17 | 7 = —— 20 : o- ine e -7 : oe == 0 
8 —140 5 —~ivé —a - 0 
i oe a 
7 ne mos —19 o> a . 8 64 67 
i 48 89 13 oe ire R 3 226 oar a 7 0 
87 —32l 5 97 76 123 . 134 125 —75 
149 1 24 —218 _24 6 169 162 84 ; 92 22 —89 —10,1,1 
108 3 358 —317 —156 7 133 136 5 ; # os —7 1 173 —160 2 
54 3 469 —450 103 $ is = 6183 78 a : 6 6 66 17 
38 4 302 —231 —109 9 94 7 —17 er! ae —68 7 &4 67 nat 
42 ‘ 243 —214 —52 591 
9 —93 —79 
8 8 aH ise fr 1 212 —135 —33 1 o ie —10,2,1 
57 9 172 154 —38 2 130 —650 —73 4 5 3 265 121 1 141 7 65 
1 97 118 —30 3 144 96 59 2 176 95 57 3 129 118 20 
4 139 158 36 3 136 106 —56 4 126 99 —4 
4 —331 5 175 203 29 5 146 —142 —15 5 123 114 —24 
53 1 432 —364 60 6 184 184 —103 ¢ 160 —I31 95 6 97 30 88 
2 360 —332 94 7 200 97 —65 7 85 —91 28 ; 
~ 3 172 —128 131 . =. =. —10,3,1 
i 4 109 —19 101 >. = =< —15 73 0,3, 
; 5 77 56 113 10 102 —104 17 1m “ # 1 109 112 37 
0 E 6 193 = 130 EE ll tn 19 2 188 W178 = , 8 83 = —70 
0 Ki 7 238 199 —95 —531 3 il oe = 3 85 31 —70 
0 >. = = 1 369 251 —183 4 139 —96 71 
; 10 «#116 "3 66 2 290 229 45 5 98 —35 54 —11,0,1 
° Z <— S wt wet oe 6 98 82 38 1 13 —141 s 
vu 3 —341 4 188 165 —48 7 109 94 6 3 49 —50 0 
0 1 202 —172 100 6 139 -86  —62 $ & = 4 41 24 0 
0 Bs 2 205 178 —25 7 188 —180 78 
0 # 3 190 145 —39 —54l —80l —11.2.1 
0 : —351 1 221 107. —140 1 112 108 0 1 80 112 . 
0 ss - 3 210 —181 —40 2 250 292 0 6 6 
0 1 217 231 —75 3 (247 248 ; 2 106 113 —68 
—401 —551 4 207 196 0 
_ » 32 —86 . 1 181 —206 wf 5 114 113 0 —H1,3,1 
155 2 201 167 0 —60l ; 2 56 0 1 8 6% =—% 
-13 3 165 133 0 1 49 20 —79 0 
27 4 213 —207 0 = oe som 4 $ % —133 
—10 5 159 —147 0 3 — 308 0 —12,0,1 
24 6 199 —210 0 , 2 oe 0 su + ile 29 0 
7 ak a 0 . w 122 0 $e —7 0 
16 $ 46 —44 o's es me 0 1 264 256 184 
53 9 167 —160 0 >: 2a 0 2 17 182 69 
14 1 65 75 0 , , 87 0 4 6 —45 29 —12,1,1 
13 70 Re 4 61 5 69 —58 —60 1 90 90 —48 
a 6 133 —114 7 2 78 74 —46 
104 —41 1 303 —310 22 7 115 ~—106 —32 4 
. ——” ca 69 18 ail 
_54 1 172 ll 187 -~ 9 40 8 61 —40 BF 
22 2 43 1 61 4 
112 3 336 ~310 94 i 
— 54 4 434 —483 40 6 
—4 5 290 —290 156 > 
= 6 168 —140 101 8 
112 . 9 94 99 84 9 
52 10 119 110 —43 10 
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Resulis.—The final values of the atomic co-ordinates are given in Table 2 as fractions of the 
unit-cell edges, and in A with respect to orthogonal axes parallel to the crystallographic a, b, 
and c* axes for X’, Y’, and Z’ respectively. Table 2 also shows a, the estimated standard 


TABLE 2. Atomic co-ordinates. 
a/a ylb alc X’(A)  o(X) (A) ¥’(A) of ¥) (A) 2’(A)_ o( X) (A) 


Zn 0-7843 00-2417 0-0889 8499 0-003 1-333 (0-009) 0-930 0-003 
O(1) 0-912 0-505 0-076 9-899 0-016 2-784 0-025 0-789 0-018 
O(2) 0-860 0-025 0196 9252 0-020 -—0138 0-024 2-043 0-018 
0(3) 0-691 0-363 0249 7-373 0-018 2-002 0-023 2-602 0-019 
O(4) 0-645 0-359 —0-015 7-051 0-017 1-983 0-024 -—0158 0-015 
O(5) 0-845 0-025 —0-059 9255 0-015 0-140 0023 —0-618 0-015 
C(2) 0-949 —0231 0-373 10-11 003 —127 0-05 389 0-03 
C(3) 0-630 0-475 0469 657 0-03 2-62 0-05 489 0-03 
C(4) 0-490 0-368 —0165 546 0-03 203 0-04 —1-72 003 
C(5) 0-827 -—0275 —0-232 918 003 —1:52 0-05 —242 0-03 
C(22) 0-862 —0-030 0324 919 003 -—O17 0-05 338 0-03 
C(23) 0-791 0-125 0403 837 0-03 0-69 0-04 421 0-03 
C(33) 0-705 0-293 0367 7-45 0-03 1-61 0-04 3-83 0-03 
C(44) 0-604 0-276 —O112 667 0-02 152 0-04 —117 0-02 
C(45) 0-664 0-074 —0186 7:37 0-92 0-41 0-04 —195 0-03 
C(55) 0773 —0-043 -—0-155 853 0-03 —0-24 0-04 —1-62 0-03 


deviations in the co-ordinates; these are actually minimum values because in their calculation 
it has been assumed that changes in co-ordinates of one atom do not affect those of the other 
atoms. This is not a valid assumption for a non-centrosymmetrical structure containing a 
heavy atom ®%* because small changes in the position of the heavy atom have a relatively large 


effect on the phase angles. This uncertainty applies particularly to the y co-ordinates because fre 
there is no fixed origin in this direction and atoms can be located only in relation to one another; thi 
it is best to choose the heaviest atom as the origin. In principle;5 the true values of the standard gir 


deviations can be calculated; for a very simple structure,® sodium nitrite, calculation showed 
that the true standard deviations in the parameters of the oxygen and nitrogen atoms were 
double the apparent values. Unfortunately, this structure has too many parameters for the 
calculation to be possible even on the Ferranti Pegasus electronic computer. 

Table 3 shows the thermal parameters, and their minimum standard deviations; U,,, Ux, 
and U;, are the mean square amplitudes of vibration parallel to the a*, b*, and c* axes respect- 
ively and with U,,, U,3, and U,, give the magnitude and orientation of the ellipsoid of vibration 
with respect to the crystallographic axes. 





TABLE 3. Thermal parameters (all units are 10° A?). 


Uy o Uss o Uss o Uy. o Uss o Urs o Fi 
Zn 38 l 14 2 36 1 —21 2 23 2 —8 1 
O(1) 33 8 40 17 54 10 —9 10 —9 12 —7 7 
O(2) 77 13 10 13 51 10 —5 12 25 ll —29 9 
O(3) 48 9 10 12 59 11 —7 10 15 11 -—2 8 
O(4) 50 9 36 15 34 8 2 10 27 9 —24 7 
O(5) 39 8 19 13 34 8 —0 10 12 10 —9 6 
C(2) 67 17 42 30 70 17 22 23 —-ll 26 —27 14 
C(3) 55 16 80 37 65 17 44 22 —49 24 —14 14 
C(4) 57 16 20 22 63 17 —3 17 —16 18 —23 13 
C(5) 70 17 49 25 56 14 45 26 —21 26 5 12 
C(22) = «54 15 72 35 44 14 —9 20 45 19 6 12 
C(23) 66 17 50 25 35 12 50 18 1 15 —5 11 
C(33) 55 14 66 39 62 15 —44 21 45 23 —30 12 
C(44) 28 9 72 30 39 11 37 18 —28 21 4 8 
C(45) = 37 12 55 29 67 18 —29 17 36 21 —25 12 len 
C(55) 80 20 10 19 57 16 25 19 —13 18 —13 15 si 


In Table 4 the bond lengths and angles are given; the minimum standard deviations derived 
from those in Table 2 are, for the bond lengths: Zn—O + 0-02 A, O-C + 0-03 A, C-C + 0-05 A; 
and for the angles: O-Zn-O + 1°, Zn—O-C + 2°, O-C-C + 25°, C-C-C + 3°. 


5 Cruickshank, Acta Cryst., 1952, 5, 511. 
® Truter, Acta Cryst., 1954, 7, 73. 
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TABLE 4. Bond lengths and angles. 


Zn-O(1) 2-02 A O(1)-Zn-O(2) —-108° Zn-O(2)-C(22) 124° 
Zn-O(2) 1-99 O(1)-Zn-O(4) 104 Zn-O(3)-C(33) 129 
Zn-O(3) 2-13 O(1)-Zn-O(3) 101 Zn-O(4)-O(44) 127 
Zn-O(4) 1-92 O(1)-Zn-O(5) 96 Zn-O(5)-C(55) 123 
Zn-O(5) 2-09 

O(2)-Zn-O(3) 90 O(2)—C(22)-C(2) 109 
O(2)-C(22) 1-34 O(4)-Zn-O(5) 93 O(3)-C(33)-C(3) 113 
O(3)-C(33) 1-29 O(2)-Zn-O(5) 82 O(4)-C(44)-C(4) 118 
O(4)-C(44) 1-17 O(4)-Zn-O(3) 87 O(5)-C(55)-C(5) 113 
O(5)-C(55) 1-29 

O(2)-Zn-O(4) 148 O(2)-C(22)-C(23) 126 
C(2)-C(22) 1-53 O(3)-Zn-O(5) 162 O(3)-C(33)-C(23) 121 
C(3)-C(33) 1-71 O(4)-C(44)-C(45) 125 
C(4)-C(44) 1-42 O(5)-C(55)-C(45) 122 
C(5)-C(55) 1-65 
€(23)-C(22) 1-45 C(2)-C(22)-C(23) 126 
C(23)-C(33) 1-35 C(3)-C(33)-C(23) 125 
C(45)-C(44) 1-53 C(4)-C(44)-C(45) 117 
C(45)-C(55) 1:37 C(5)-C(55)-C(45) 126 


C(44)-C(45)-C(55) 128 
C(22)—C(23)-C(33) 129 
These have been calculated from the results given by the electronic computer to four decimal 
places, not from the rounded-off values in Table 2. 


Another estimate of the uncertainties in the individual bond lengths is the average deviation 
from the arithmetic mean of the independently determined values for the same kind of bond, 
this gives: Zn—O + 0-03 A, O-C + 0-05 A, C-C + 0-08 A. Similar treatment for the angles 
gives: O-Zn-O + 2°, Zn—O-C + 2-3°, O-C-C + 2°5°, C-C-C + 33°. The average bond 


0(3) 


Fic.4. Average bond lengths and angles sant oa 
around the zinc atom. H,0 (/)—— £02 








0(S) 
lengths and angles round the zinc atom are shown in Fig. 4. It can be seen that the arrange- 
ment is that of a distorted trigonal bipyramid. The equatorial plane is defined by the equation 
0-390X’ — 0-437Y’ — 0-810Z’ — 1-988, A = 0 


__The acetylacetone groups are planar (within +0-07 A) and the zinc atom is not included in 
either plane, being 0-3 A from that of the molecule (23) and 0-4 A from that of molecule (45). 
The standard deviations in the bond lengths within the acetylacetone groups are so large that 
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no deductions can be made from them except that, in so far as the average values (Fig. 5) are 
reasonable, they confirm the correctness of the structure analysis. 

All the intermolecular contacts of less than 3-5 A were calculated and only six were found. 
The two shortest are 2-95 A and 2-67 A, both from the water molecule to other oxygen atoms as 
shown in Fig. 2, suggesting that these are hydrogen bonds; the angles subtended at the water 
molecule are Zn—O(1) + * * O(2)’ 117°, Zn—O(1) « + * O(5)” 136°, and O(2)’ - « » O(1) + » * O(5)” 102°, 
which are consistent with hydrogen bonds between the oxygen atoms. Of the other 


Fic. 5. Average bond lengths and angles in an 
acetylacetone group. 





van der Waals contacts O(1) « « * O(5)’ [comparable to O(1) « + * O(2)’] in Fig. 2 is 3-26 A, which 
is too long for a hydrogen bond and not at a reasonable angle to the other bonds round O(1), and 
the rest involve methyl groups, viz., C(4) + - » O(3) 3-42 and 3-46 A, and C(2) «++ O(1) 3-46 A. 


DISCUSSION 


Our structure analysis has shown with certainty the stereochemistry of this five-co- 
ordinated complex of zinc. Although four- and six-co-ordinated zinc complexes are well 
known, this is only the second five-co-ordinated complex found; the first, dichloroter- 
pyridylzinc,’? is also a distorted trigonal bipyramid. Both compounds are probably 
derived from 4s4$*4d hybridisation in the zinc ion. Distortions from the ideal bond angles, 
shown diagrammatically in Fig. 6, are different for the two compounds, presumably 
because of the need to reduce the distortions within the organic ligands; thus for the 
terpyridyl complex the equatorial bonds are formed by the two chlorine atoms and the 
central nitrogen atom of the terpyridyl group, and the other two Zn-N bonds are bent 
away from the ideal positions normal to the equatorial plane towards the Zn—N bond as 
shown in Fig. 6. On the other hand, for the chelate groups in the acetylacetone complex 
the distortion of the axial bonds is towards the bisector of the O(2)-Zn—O(4) angle in the 
equatorial plane. 

The striking feature is that this five-co-ordinated complex is apparently more stable 
than either the anhydrous form, which would probably be tetrahedral, or the dihydrate, 
which would be octahedral. It is noteworthy that when Cotton and Hanson ® examined 
the soft X-ray absorption edge of a zinc acetylacetone complex, made by Morgan and 
Moss’s procedure,! they found that the compound did not give the results characteristic for 
tetrahedral zinc complexes and they tentatively suggested that it might be square or 
octahedral. 

Discussion of the chemical significance of the bond lengths must be based on a reasonable 
estimate of their reliability and it is better to overestimate the limits of error. The 
minimum standard deviations and the most probable errors (derived from the internal 
consistency) are given in the section “ Results ” and suggest that the statistical standard 
deviations in the individual bond lengths should be increased by a factor of about 1-6; * 


* These increased values were used in calculating the standard deviations in the mean bond lengths. 


? Corbridge and Cox, J., 1956, 594. 
* Cotton and Hanson, J. Chem. Phys., 1958, 28, 83. 
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the mean values for the Zn-O bonds are 2-11 + 0-02 A axial and 1-96 + 0-02 A equatorial 
(excluding the Zn-H,O bond); this difference (0-15 A) is definitely significant and is in the 
direction predicted theoretically ® for s#8d hybridisation. The shorter bond length is the 
same as that found in compounds containing a tetrahedral arrangement of Zn—O bonds, 
1-95 A in zinc oxide,” and 1-97 A in zinc basic acetate. The longer bond length appears 
comparable with the values for octahedrally co-ordinated zinc, but these differ considerably, 
being 2-17 and 2-18 A in zinc acetate dihydrate !* and 2-05 A in the 8-hydroxyquinoline 
complex.!3 

sa Zn-H,O bond length, 2-02 + 0-03 A, is not significantly greater than the corre- 
sponding Zn—O bond length (1-96 + 0-02 A). Other Zn—H,O bonds are all in octahedral 
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Fic. 6. Diagram showing, in projection on the P 4 
equatorial plane, the relation between an ideal HOU rs 
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compounds and, as expected, are longer than this one; the values are 2-08 A in the hexa- 
quo-ion, 2-14A in zinc acetate dihydrate,!2 and 2-27A in the 8-hydroxyquinoline 
complex. For the last compound this represents a large difference between the Zn—O and 
Zn-H,O bonds, similar to that established in bisacetylacetonecobalt(11) dihydrate, 
whereas for the acetate the difference, though not significant, is in the opposite direction. 
Only more determinations can establish whether the bonds lengths really vary from com- 
pound to compound, and perhaps provide an explanation if this is so. 


EXPERIMENTAL 


Preparation.—Morgan and Moss’s procedure! was followed. Several preparations were 
made and care was taken that the crystals which were analysed and on which the density was 
determined were of the same batch as those used for X-ray work. The colourless acicular 
crystals (type A) were analysed (Found: C, 42-0; H, 5-2; Zn, 23-1. C, 9H,,0,Zn requires 
C, 42-7; H, 5-7; Zn, 23-2%) and found to correspond to monoaquobisacetylacetonezinc. To 
prevent decomposition in the X-ray beam, the crystals used were kept in Lindemann glass tubes 
containing a few drops of acetylacetone. 

X-Ray Work.—Cu-K, radiation was used. For type B crystals approximate unit-cell 
dimensions were obtained from single-crystal oscillation and Weissenberg photographs. For 
type A the dimensions of the a and c axes and the angle 8 were obtained by a least-squares 


® Kimball, J. Chem. Phys., 1940, 8, 188, 

1 Bunn, Proc. Phys. Soc., 1935, 47, 835. 

Koyama and Saito, Bull. Chem. Soc. Japan, 1954, 72, 112. 

Van Niekerk, Schoening, and Talbot, Acta Cryst., 1953, 6, 720. 
18 Merrit, Cady, and Mundy, Acta Cryst., 1954, 7, 473. 

4 Broomhead and Nicol, Acta Cryst., 1948, 1, 88. 

% Bullen, Acta Cryst., 1959, 12, 703, 
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procedure from the spacings measured for 15 reflections on a copper-calibrated Weissenberg 
photograph; the b axis was measured from (060) by the Straumanis method. 

Equi-inclination Weissenberg photographs were taken about the b and ¢ axes for all layer 
lines up to (432) and (hk3). Of the 1400 possible reflections, 841 gave measurable intensities, 
200 were too weak to be observed, and 360 were inaccessible. A multiple-film technique was 
used; intensities were estimated visually by comparison with a calibrated strip and corrected 
for Lorentz and polarisation factors. For the (h0/) reflections, an approximately absolute scale 
was obtained by Wilson’s method,”* and after the projection had been solved a more accurate 
value was obtained by making }|F,| equal to }|F,|; this was used after correlation to put the 
three-dimensional values on the absolute scale. The correlation was carried out on the square 
roots of the corrected intensities by Dickerson’s method.!” 

Very small crystals (maximum dimension 0-4 mm. parallel to b) were used and no absorption 
correction was applied. 

Refinement Procedure.—The function minimised by least squares was R’ = Sw (|Fo| — |F,\)?, 
where the weighting factor, w, was 1/(4-2 + |F,| + 0-0264|F,|*). The scattering factors were 
those of Berghuis ef a/.4* for oxygen, carbon, and zinc, the last being corrected for the real part 
of the anomalous dispersion; }® calculation showed that even in the most favourable examples 
the effect of the imaginary part of this correction was less than 10% in the intensity and thus 
within our error in estimation. The parameters were the scale factor, two co-ordinates for 
zinc, three co-ordinates for each of the carbon and oxygen atoms, and six for the thermal motion 
of each atom; the hydrogen atoms were neglected. 

Computation.—One three-dimensional Fourier difference synthesis was carried out by 
Dr. O. S. Mills with his own programme on the London University Ferranti Mercury computer. 
The Leeds University Ferranti Pegasus computer was used for Fourier syntheses with a 
programme written by Dr. P. A. Samet, for least-squares refinement with programmes written 
by Dr. D. W. J. Cruickshank and Miss D. E. Pilling, and for interatomic distances and angles 
with a programme written by one of us (M. R. T.). ; 


We are grateful to Professor E. G. Cox for his helpful advice. We thank the people who 
helped us with computation by carrying out the calculations‘or by letting us use their 
programmes, Dr. D. W. J. Cruickshank, Dr. O. S. Mills, Miss D. E. Pilling, Dr. P. A. Samet, and 
also the Director and staff of the Leeds University Computing Laboratory. 

Some of the equipment was provided by the Royal Society and Imperial Chemical 
Industries Limited. 
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16 Wilson, Nature, 1942, 150, 152. 

17 Dickerson, Acta Cryst., 1959, 12, 610. 

18 Berghuis, Haanappel, Potters, Loopstra, MacGillavry, and Veenendaal, Acta Cryst., 1955, 8, 478. 
1% Dauben and Templeton, Acta Cryst., 1955, 8, 841. 





969. Boron Hydride Derivatives. Part IV. Friedel-Crafts 
Methylation of Decaborane. 


By R. L. Wirttams, I. DunstAN, and N. J. Bray. 


Friedel-Crafts methylation of decaborane has been shown to yield a 
series of methylated compounds which have been separated by gas chrom- 
atography, and their structures determined by nuclear magnetic resonance 
spectroscopy. Compounds which have been identified include the 2-methyl, 
2,4- and 1,2-dimethyl, 1,2,3- and 1,2,4-trimethyl, and 1,2,3,4-tetramethyl 
derivatives. The structure of decaborane is discussed in relation to these 
substances. 


In Part III, the Friedel-Crafts ethylation of decaborane, B,yH,,, in carbon disulphide 
with ethyl bromide and aluminium chloride was shown to give a number of substitution 


' Part III, Blay, Dunstan, and R. L. Williams, J., 1960, 430. 
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products from which a monoethyl- and two isomeric diethyl-decaboranes could be separated 
by preparative gas chromatography. The structures of these compounds, which were 
determined by “B nuclear magnetic resonance spectroscopy, indicated that the 2,4- and, 
to a smaller extent, the 1,3-positions were the most reactive in decaborane 


! (I) in this type of reaction. 
E> Derivatives with more than two ethyl groups were also formed in the 
3 


reaction, but these could not be purified by gas chromatography because 
their large retention volumes led to excessive thermal decomposition at 
the column temperature. However, the products from the corresponding 
Friedel-Crafts methylation have much smaller retention volumes and it is possible, 
therefore, to isolate polymethyl-decaboranes and determine their structures. The results 
of such an investigation are presented below. 


EXPERIMENTAL 


Methylation of Decaborane.—Decaborane (1-22 g., 0-01 mole; recrystallised from n-hexane), 
finely powdered aluminium chloride (1-33 g., 0-01 mole), and carbon disulphide (20 c.c.) were 
placed in a 150 c.c. seal-off tube. The tube was attached to the vacuum-line, cooled, and 
evacuated. Methyl bromide (2-85 g., 0:03 mole; measured as gas) and hydrogen chloride 
(20 c.c.) were distilled into the tube, which was then sealed. The mixture was heated at 70° 
for 36 hr., then cooled in liquid nitrogen, attached to the line, and opened. Material readily - 


Fic. 2. Plot of (peak optical density of 3-5 »p Me 


Fic. 1. Plot of logiy Vn against number of band) /|(peak optical density 4-0 » BH band) 
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volatile at room temperature was distilled off, leaving a red, oily residue to which isopentane 
(20 c.c.) was added by distillation. Filtration gave a yellow solution which was evaporated, a 
mixture of methylated decaboranes being obtained as a non-volatile, mobile, yellow liquid 
(0-84 g.). The product was purified and rendered suitable for gas chromatography by distil- 
lation in an evaporative still. The analytical gas chromatogram of the distillate gave a series of 
peaks, the logarithm of whose retention volumes could be plotted against number of methyl 
substituents to give a smooth, nearly linear, plot in a similar manner to that found previously 
for the ethylated decaboranes 4? (Fig. 1). However, the points corresponding to 2,4-substituted 
compounds lay below the curve, while that corresponding to a 5-substituted substance lay 
above the line. Similar changes in retention volume have been observed for other alkyl- 
decaboranes substituted in these positions.* In a typical experiment, the product was shown 
by this method to consist of decaborane (20-5%), monomethyldecaborane (55-8%), two 
dimethyldecaboranes (16-0%), two trimethyldecaboranes (6-6%), tetramethyldecaborane 


* Part II, Blay, J. Williams, and R. L. Williams, J., 1960, 424. 
3 Part V, following paper. 
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(1-0%), and a derivative (1-0%) of long retention volume which was later shown to be also qa 
tetramethyldecaborane. 

The experiment was repeated on a larger scale in a 750 c.c. glass-lined, stainless-steel auto- 
clave to provide sufficient material for preparative gas chromatography. Decaborane (7-32 g., 
0-06 mole), aluminium chloride (8 g., 0-06 mole), carbon disulphide (100 c.c.), and methyl 
bromide (22-8 g., 0-24 mole) were heated at 80° for 6 hr. The distilled product (4-1 g.) was 
separated on the column and gave decaborane (6-3%), 2-methyl- (18-9%), 1,2- and 2,4-di- 
methyl- (18-0 and 11-5%), 1,2,3- and 1,2,4-trimethyl- (4-8 and 16-2%), 1,2,3,4-tetramethyl- 
(20-1%), and 1,2,3,5(or 8)-tetramethyl-decaborane (3-5%). The components were charac- 
terised by their gas-chromatographic retention volumes (Fig. 1), elemental analysis, and infra- 
red spectra. The spectra were consistent with those expected for substituted decaboranes: in 
particular, the plot of the ratio (peak optical density of the 3-5 u Me band) /(peak optical density 
of the 4-0 u BH band) against the ratio (number of Me groups)/(number of terminal BH bonds) 
gave a satisfactorily smooth plot in a similar fashion to that found with the ethyldecaboranes 2 
(Fig. 2). 

The methyldecaboranes behave as weak acids, and an additional check on the identity of a 
derivative is its equivalent weight. This was determined for a number of the compounds by 
potentiometric titration of their acetonitrile solutions with aqueous alkali.*4 

Structures were assigned from the “B nuclear magnetic resonance spectra of the compounds. 

Compounds examined.—Retention volumes at 140° are relative to Vp (naphthalene) = 1 and 
Vz (decaborane) = 0-78. With 2,4-dimethyl-, 1,2,3-trimethyl-, and 1,2,3,5(or 8)-tetramethy]- 
decaboranes, the observed equivalents are only approximate because of the small amounts of 
material available for titration. 

2-Methyldecaborane, m. p. 4—6°, b. p. 223°, v. p. <1 mm. Hg at 20° (Found: B, 77-0; C, 
8-9%; equiv., 137-4. B,9H,,CH, requires B, 79-4; C, 8-8%; equiv., 136-3), retention volume 
0-90. 

1,2-Dimethyldecaborane, liquid, giving a glass at —40° [Found: H, 11-9; C, 16-0%; equiv., 
149-3. B, H,,(CH;), requires H, 12-1; C, 16-0%; equiv., 150-4], retention volume 1-13. 

2,4-Dimethyldecaborane, m. p. 43-5—44-5° (Found: H,-11-7; C, 164%; equiv., 150. 
B,oH,,(CH;), requires H, 12-1; C, 16-0%; equiv., 150-4], retention volume 1-00. 

1,2,3-Trimethyldecaborane, m. p. 161—163° [Found: H, 11-9; C, 21-6%; equiv., 167. 
B,oH,,(CH;), requires H, 12-3; C, 219%; equiv., 164-4], retention volume 1-54. 

1,2,4-Trimethyldecaborane, m. p. 12—13° [Found: H, 12-0; C, 22:3%; equiv., 165-0. 
B,oH,,(CH;), requires H, 12-3; C, 21-9%; equiv., 164-4], retention volume 1-44. 

1,2,3,4-Tetramethyldecaborane, m. p. 178—179° [Found: B, 60-3; H, 12-5; C, 26-7%; 
equiv., 178-2. B,jH,9(CH;), requires B, 60-6; H, 12-4; C, 26-9%; equiv., 178-4], retention 
volume 2-13. 

1,2,3,5(or 8)-Tetramethyldecaborane, m. p. 70—71° [Found: equiv., 171. Calc. for 
ByoH,.(CH,),: equiv., 178-4], retention volume 3-08. Since only a very small amount of 
material was recovered after nuclear magnetic resonance examination, no satisfactory analysis 
could be made. 

Methods.—The analytical gas chromatograms were measured with a Griffin and George 
mark II apparatus at ~140°. Two-metre columns packed with Apiezon L grease (20%) on 
Embacel support (80%) were used with dry hydrogen as carrier. Preparative separations were 
carried out with a newly constructed apparatus which was fitted with a 12 ft. column, 1” in 
diameter, packed as above. Efficiencies of about 1100 theoretical plates were obtained under 
normal operating conditions with this apparatus. 

Infrared spectra were measured with a Grubb-Parsons S3A double-beam spectrometer 
fitted with a sodium chloride prism. Solutions of the compounds in carbon disulphide and 
carbon tetrachloride were used. 

The ™B nuclear magnetic resonance spectra were obtained with a Varian Associates 
V 4310 C spectrometer at 12 Mc./sec. Liquid samples were sealed in vacuo in tubes of 5 mm. 
diameter, and solutions in carbon disulphide were used for the solid samples. The spectra of 
the samples were run consecutively so that instrumental conditions were the same for all of 
them. In order to obtain reliable measurements of area the spectra were recorded through a 
linear auxiliary amplifier with a Sunvic recorder. Areas are believed to be accurate to 
about 10%. 

* Atteberry, J]. Phys. Chem., 1958, 62, 1458; Griffiths and R. L. Williams, Chem. and Ind., 1959, 655. 
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a Nuclear Magnetic Resonance Spectra.—The ™B spectra, including that of decaborane, are 
shown in Fig. 3; band areas, obtained by graphical separation, are recorded in the Table. 
to- 
&., Fic. 3. ™B mucleay magnetic resonance 
hyl spectra of: A, ByHy; B, 2-ByH,,Me; 
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P ’ E,1,2,4-B,H,,Me,; F, 1,2,3-B,,H,,Me,: 
— G, 1,2,3,4-B,H,Me,; H, 1,2,3,5 (or 
yl- 8)-ByoH Mey. 
ac Field 
Ta- Fic. 4. ™B nuclear magnetic resonance spectrum 
in of 1,2,3,4-B,pH,jMe, showing graphical 
ity resolution into component peaks. 
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67. &§ 
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a Relative peak areas in the “B nuclear magnetic resonance spectra of compounds 
— ByoHy4-nMen. (Spectra have been normalised to a total area of 20 units. 
ion 10" 414 
High-field doublet Triplet/ 
for Low-field triplet Sum A B A/B Sum Doublet 
of ByH,, (theor.) ......... 4-0 8-0 4-0 160 20 20 100 40 4-00 
"sis 5 | * eee 3-55 7-26 5-22 16-02 2-70 1-27 2-14 3-98 4-03 
~~ 2,4-B,pH,,.Me, .....-... 2-30 7-64 594 1588 412 0 412 3-86 
a 1,2-B,,H,,.Me, ......... 3:8 7-2 4-9 169 30 bl 27 1 3-8 
rge  &f 1,2,4-B,oH,,Me, ......... 3-42 6-98 537 1576 424 0 4:24 3-72 
on 1,2,3-B,9H,,Me, ......... 4-08 5-63 5-90 15-61 330 1:09 302 439 3-56 
aa 1,2,3,4-B,,H, Me, ...... 3-66 5-97 6-18 1681 419 0 419 377 
in ; 2-04, 3-93 2-02, 4:16 
der 1,2,3,5(or 8)-B,,H,,Me, 3°30 7-07 555 1591 311 097 320 408 3-90 
‘ter 
ind : DISCUSSION 
Interpretation of Spectra.—The spectrum of decaborane consists of a low-field triplet of 
ites relative intensities 4, 8, 4 and a high-field doublet of strengths 2,2. It has been shown ® 
ee that the latter originates with boron atoms 2and 4. The triplet is made up of two doublets 
of of strengths 4, 4 and 4, 4, the high-field pair of which is due to equivalent atoms 5, 7, 8, 
¢ . . . . 
h , and 10, and the low-field pair to the geometrically non-equivalent pairs of atoms 1,3 and 


to 6,9.5® The splitting into doublets is the result of the interaction of the spin of the “B 


5 Schaeffer, Shoolery, and Jones, J. Amer. Chem. Soc., 1957, 79, 4606. 
B55. * R. E, Williams and Shapiro, J. Chem. Phys., 1958, 29, 677. 
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nucleus with that of its attached proton, and when the latter is replaced by a zero-spin 
nucleus the doublet collapses to a single peak of double the intensity.’ 

With methyldecaborane, there has been a partial collapse of the high-field doublet, 
with the new peak superimposed on the low-field member of the original doublet. Complete 
substitution in the 2-position would require the ratio of the area of the low-field member to 
that of the high-field component to be 3:1. However, the observed ratio is about 2-2: 1, 
which implies that the substance is a mixture of 2-methyldecaborane and a small amount 
of an isomer. By analogy to the ethyldecaboranes ! and from the considerations below, 
this is l-methyldecaborane. Accordingly, the presence of the latter should be retiected 
by changes in the low-field triplet. If it is assumed that methyl-substitution always 
produces a collapsed peak superimposed on the low-field member of the original doublet, 
then the intensities of the triplet in 1-methyldecaborane should be 5: 7 : 4 compared with 
4:8:4in 2-methyldecaborane. The observed ratios are 3-5 : 7-3 : 5-2, where the intensity 
of the lowest member is lower than the predicted intensities for both isomers. The 
discrepancy can be explained by a shift of the 6,9-doublet to higher field, whenever 2,4- 
substitution takes place. This assumption adequately explains the spectra of the poly- 
methylated compounds and there is also evidence that substitution at the 6,9-positions 
similarly affects the 2,4-doublet.2 On this basis, the theoretical intensity ratio for 
2-methyldecaborane is 2:8:6, and the observed spectrum is therefore in qualitative agree- 
ment with that required for a mixture of 1- and 2-methyldecaborane. 

In the spectrum of the first dimethyldecaborane isomer to be separated by chrom- 
atography, the high-field doublet has collapsed completely to a single peak, thereby show- 
ing that both methyl groups are in the apices of the molecule and that the 
substance is 2,4-dimethyldecaborane. The lowest component of the low-field triplet shows 
a pronounced reduction in strength. The relative peak areas are 2-3: 7-6:5-9. If it is 
assumed that 2,4-substitution has shifted the 6,9-doublet towards higher field, the 
theoretical ratio is 2: 8: 6. 

The second dimethyldecaborane isomer shows a high-field doublet whose areas are in 
the ratio 2-7: 1; this is sufficiently close to the required value of 3 : 1 to indicate one methyl 
group in the 2(4)-position. The low-field triplet has an area ratio 3-8:7-2:4-9. Partial 
collapse of the 1,3-doublet together with a shift of the 6,9-doublet to higher field would 
require a theoretical ratio of 3 : 7 : 6, hence the substance is 1,2-dimethyldecaborane. 

The first trimethyldecaborane compound has a very similar spectrum to that of 2,4-di- 
methyldecaborane. There has been a complete collapse of the high-field doublet, showing 
that both apical positions are substituted. The low-field triplet has an area ratio of 
3-4:7:5-4. With the assumptions made above on the shift of the 6,9-doublet, the 
theoretical ratio for one methyl in the 1(3)-position is 3: 7:6. The compound is therefore 
1,2,4-trimethyldecaborane. 

In a similar fashion, it can be shown that the second trimethyl isomer is 1,2,3-trimethyl- 
decaborane. The high-field doublet has a ratio 3-0: 1, indicating one methyl in the 2(4)- 
position. The low-field triplet has an area ratio of 4-1 : 5-6 : 5-9, compared with a required 
ratio of 4: 6 : 6 for 1,3-disubstitution. 

The main tetramethyl isomer has a spectrum with a low-field triplet identical with that 
of 1,2,3-trimethyldecaborane and a singlet in place of the high-field doublet. The com- 
pound is therefore 1,2,3,4-tetramethyldecaborane. Since the substance was obtained in a 
good state of purity, particular care was taken to obtain a noise-free spectrum, and then 
this was subjected to a very careful graphical analysis, as opposed to the approximate 
ones made above. The result is shown in Fig. 4, where the shift of the 6,9-doublet to near- 
coincidence with the higher-field 5,7,8,10-doublet is clearly shown. 

The spectrum of the last substance to be isolated from the column shows that it is not 
a pentamethyldecaborane, as was at first indicated by its retention volume. The high- 


7 Schaeffer, Shoolery, and Jones, J. Amer. Chem. Soc., 1958, 80, 2670; Figgis and R. L. Williams, 
Spectrochim. Acta, 1959, 331. 
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field doublet shows only a partial collapse, giving an area ratio of 3-2 : 1, and there is accord- 
ingly only one methyl group in the 2(4)-position. However, the retention volume shows 
that the substance must be at least a tetramethyldecaborane. Two alternatives are 
available: 1,2,3,6- and 1,2,3,5(or 8)-tetramethyldecaborane. Both of these would require 
a low-field triplet of ratio 4:7:5. The observed value of 3-3 : 7-1 : 5-6 compares favour- 
ably with this. However, it will be shown in Part V that 6-substitution results in a 
splitting of the high-field 2,4-doublet into four peaks. Hence the only possibility remain- 
ing is 1,2,3,5(or 8)-tetramethyldecaborane. These would have the same spectra, so that 
no further identification can be made. 

In all the foregoing compounds, when 2,4-substitution has taken place, it has been 
necessary to postulate a shift of the 6,9-doublet. This shift, of about 10 p.p.m., is of the 
same order as those observed in other boron compounds, which have been attributed to 
inductive effects,* and also to that which occurs when a doublet collapses on methyl- 
substitution, viz.,6 p.p.m. It is probable therefore that this shift is due to a similar cause. 
Moreover, in a theoretical treatment of decaborane, Eberhardt e¢ al.® postulated that the 
2,4- and the 6,9-positions are joined by single bonds whereas all other linkages are 
3-centred. Consequently, electrical effects would be more effectively relayed between 
these points than any others in the molecule. 

Charge Distribution in Decaborane.—The Friedel-Crafts reaction proceeds by an electro- 
philic mechanism with the attacking alkyl group carrying a positive charge. Substitutions 
would therefore be expected at points of maximum electron density. The main products 
in the ethylation of decaborane show that the 2,4-positions are most reactive, and this 
result is amply confirmed by the sequence of products in the methylation, as shown in the 
Chart: the major products are those with 2,4-substitutions. The predominance of 2,4- 
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substituted products also implies that methyl substitution does not greatly alter the 
charge distribution in these compounds. The second most electronegative positions follow 
from the nature of the minor products, though it is not possible to determine directly from 
their nuclear magnetic resonance spectra whether these are 1,3- or 6,9-substituted except 
that the presence of two monomethyl, two dimethyl, two trimethyl, and one tetramethyl 
derivative shows conclusively that it is either the 1(3)- or the 6(9)-position, but not both, 
which is attacked. However, none of these materials shows a splitting of the 2,4-doublet 
into a quadruplet, whereas the products from the reaction of methyl-lithium and deca- 
borane do. The latter are 6(9)-substituted, hence the 1(3)-position is that attacked in the 
Friedel-Crafts reaction. 

Tht presence of a small amount of 5-substitution in a tetramethyl derivative indicates 
that this position is probably less electropositive than the 6-position so that the order of 
decreasing negative charge in decaborane is 2- > 1- > 5- > 6-. A number of other 
reactions show similar characteristics to the Friedel-Crafts reactions. For example, the 
structures of a number of halogen derivatives 7! of decaborane have been determined. 

§ Onak, Landesman, R. E. Williams, and Shapiro, ]. Phys. Chem., 1959, 68, 1533; Phillips, Miller, 
and Muetterties, J. Amer. Chem. Soc., 1959, 81, 4496. 


* Eberhardt, Crawford, and Lipscomb, J. Chem. Phys., 1954, 22, 989. 
' Schaeffer, J. Amer. Chem. Soc., 1957, 79, 2726, 
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These substances were prepared by the action of bromine, iodine, or iodine chloride on 
decaborane, with or without the addition of aluminium chloride. The principal products 
in each case are found, as would be expected, to be either 2-bromo-, 2-iodo-, or 2,4-di-iodo- 
decaborane. However, an isomeric iodo-compound, viz., 5-iododecaborane, has also been 
isolated from such a reaction.“ We repeated this preparation using iodine chloride and 
found the yield of this substance to be very low (~5%; remainder 2-iododecaborane). It 
is possible that this substance may arise from reaction of the neutral atom or molecule 
with decaborane and hence the electronegativity order will not apply to it. 

Deuteration of decaborane with deuterium chloride in carbon disulphide solution in 
the presence of aluminium chloride also shows some similarity to the reactions above in 
that two of the six protons which undergo exchange are in the 2,4-positions. The remain- 
ing protons are, however, those in the 5,7,8,10-positions. Here, again, there are probably 
two exchange mechanisms: first, one involving DAICl,, which is analogous to the Friedel- 
Crafts reaction, and secondly, one involving exchange of deuterium with a bridge proton, 
which then moves in the presence of aluminium chloride, to the 5,7,8,10-positions. The 
latter possibility is now being investigated. 


We thank Dr. B. N. Figgis for his co-operation in obtaining the nuclear magnetic resonance 
spectra and Messrs. J. V. Griffiths (E.R.D.E.) and F. W. James (C.D.E.E., Porton) for the 
elemental analyses. 


E.R.D.E., Ministry oF AVIATION, WALTHAM ABBEY, ESSEX. [Received, March 14th, 1960.) 


1 Hillman, Abs. 135th Amer. Chem. Soc. Meeting, Boston, 1959. 
12 Dupont and Hawthorne, J. Amer. Chem. Soc., 1959, 81, 4998. 





970. Boron Hydride Derivatives. Part V.1 Nucleophilic 
Substitution in Decaborane. 


By I. Dunstan, R. L. Witttams, and N. J. Bray. 


Nucleophilic substitution in decaborane (B,)H,,) by the action of methyl- 
or ethyl-lithium has been studied. The principal product is 6-methyl- 
or 6-ethyl-decaborane, but in the case of methylation small amounts of 
5-methyl-, 6,5(or 8)-dimethyl-, and 6,9-dimethyl-decaborane are also formed. 
Charge distribution in decaborane is discussed with respect to these 
compounds. 


A stupy of electrophilic alkylation +? of decaborane (I) by Friedel-Crafts reaction has 
indicated that the order of decreasing electron density in the molecule 
J is 2,4 > 1,3 > 5,7,8,10 > 6,9. It is possible to confirm this result by a 
OES. study of nucleophilic reactions wherein the attacking species would be 
. expected to substitute positions of low electron density. The reaction 
of decaborane with methyl- or ethyl-lithium has therefore been examined 


and a number of alkyl derivatives have been isolated and their structures 
have been determined by ™B nuclear magnetic resonance spectroscopy. 


EXPERIMENTAL 
Lithium Alkyls.—A benzene solution of ethyl-lithium was obtained by reaction between 
lithium and redistilled ethyl bromide in anhydrous isopentane, followed by dilution with 
benzene and distillation to remove isopentane.* The reaction is faster in the presence of ether 
but the resulting solution is unstable since the metal alkyl cleaves diethyl ether, forming lithium 
ethoxide. Fortunately, ethereal solutions of methyl-lithium are stable if stored under dry 
1 Part IV, preceding paper. 


* Blay, Dunstan, and R. L. Williams, J., 1960, 430. 
* Talalaeva and Kocheskov, J. Gen. Chem. U.S.S.R., 1958, 28, 399. 
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nitrogen, and the reagent was conveniently prepared by treating lithium in ether with methyl 
jodide.t The concentration of alkyl-lithium solutions was determined by the double-titration 
method using redistilled benzyl chloride and standard sodium hydroxide solution.® 

Ethylation of Decaborane.—A 0-188N-solution of ethyl-lithium in benzene (53-2 c.c., 0-01 mole) 
was added dropwise to decaborane (1-22 g., 0-01 mole; recrystallised from n-hexane) dissolved 
in anhydrous benzene (50 c.c.) in a 3-necked, 250 c.c., round-bottomed flask fitted with mercury- 
sealed stirrer, dropping funnel, condenser, and nitrogen inlet. Heat was evolved, and a bulky 
white precipitate formed. The mixture was stirred for 30 min., stored at room temperature 
overnight, then treated with dry hydrogen chloride. Filtration gave a yellow solution from 
which solvent was removed under diminished pressure, leaving a yellow liquid mixture of 
ethylated decaboranes (1-52 g.), shown by gas chromatography to consist of 6-ethyl- (89-7%) 
and two diethyl-decaboranes (7-8 and 2-6%). 

Products were identified by gas-chromatographic retention volumes, elemental analysis, and 
intensity of alkyl absorption in the infrared region, as described in Part IV. In some cases 
equivalent weights were determined by potentiometric titration in acetonitrile.*? Structures 
were assigned after nuclear magnetic resonance spectroscopy. 

Methylation of Decaborane.—A 0-75n-solution of methyl-lithium in ether (53-3 c.c., 0-04 mole) 
was added dropwise, with stirring, to recrystallised decaborane (4-88 g., 0-04 mole) in anhydrous 
benzene (100 c.c.) under nitrogen. A vigorous, 
exothermic reaction occurred. After 2 hr. the Field—- 
solution’ was treated with dry hydrogen chloride, 
giving a precipitate of lithium chloride and a red 
solution which was separated by filtration and 
evaporated to yield a mixture of methylated 
decaboranes as a red, mobile liquid (5-34 g.). Gas 
chromatography showed this to consist of decaborane 
(282%), 6-methyl- (454%), 6,5(or 8)-dimethyl- 
(17-3%), and 6,9-dimethyl-decaborane (7-6%). In 
addition, there was 1-5% of 5-methyldecaborane, of 
smaller retention volume than 6-methyldecaborane, 
identified by infrared spectrum and retention volume.*® 
The yield of 6-methyldecaborane based on decaborane 
converted was 65-0%. 

Compounds examined.—Retention volumes are 
at 140° relative to Vp (naphthalene) = 1 and VR 
(decaborane) = 0-78. 

6-Ethyldecaborane, m. p. —2-5° to —2° (Found: 
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The ™B nuclear magnetic resonance spectra 


B, 71:0; C, 164%; equiv., 150-4. B,)H,,C,H; of (A) 6-methyldecaborane; (B) 5,6- 
requires B, 72:0; C, 16-0%; equiv., 150-4), retention dimethyldecaborane; (C) 6,9-dimethyl- 
volume, 1-77 at 167° (Vz naphthalene = 1, at 167°). decaborane; (D) decaborane. 


6-Methyldecaborane, m. p. 27—28° (Found: B, 

77-9; C, 93%; equiv., 138-7. B,H,,CH, requires B, 79-4; C, 88%; equiv., 136-3), retention 
volume 1-18. 

6,5(0r 8)-Dimethyldecaborane, m. p. 26-5—28-5° [Found: H, 11-9, 12-3; C, 17-3%; equiv., 
153-4. By)H,.(CHy), requires H, 12-1; C, 16-0%; equiv., 150-4], retention volume 1-60. 

6,9-Dimethyldecaborane, m. p. 64—66°, retention volume 1-86. Only a very small amount 
of material was recovered after nuclear magnetic resonance examination and no satisfactory 
analysis could be carried out. 

Methods.—The same experimental methods for gas chromatography, infrared spectroscopy, 
and nuclear magnetic resonance spectroscopy were used as in the previous paper. 

"NB Nuclear Magnetic Resonance Spectra.—The spectra of the three methyl compounds, 
together with that of decaborane, are shown in the Figure. The spectrum of 6-ethyldecaborane 
(not shown) is almost identical with that of the 6-methyl compound. 

* Gilman, Zoellner, and Selby, J]. Amer. Chem. Soc., 1933, 55, 1252. 
aa 4 Wittig, “* Newer Methods of Preparative Organic Chemistry,” Interscience Publ. Inc., New York, 

» Pp. vio, 
° Rebchery, J. Phys. Chem., 1958, 62, 1458. 
’ Griffiths and R. L. Williams, Chem. and Ind., 1959, 655. 
® Unpublished work. 
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Comparing the spectrum of the monomethyl compound with that of decaborane shows that 
the high-field doublet has been split into two doublets of the same spacing as that of decaborane, 
but with one of them displaced towards lower field. The half-band width of the latter doublet 
must be smaller than that of the higher-field doublet to account for the observed intensities. 
With the low-field triplet, the low-field component is enhanced, and the centre- and high-field 
components reduced relative to decaborane. 

The splitting of the high-field doublet implies that the shielding at the 2-position is different 
from that at the 4-position. This is only possible for substitution at the 6(9)- or the 5(7),8(10)- 
positions, since the 1- and the 3-position are symmetrically placed relative to the 2,4-positions. 
However, the ethyldecaborane described in Part II *® is one with 5-substitution, and this 
substance shows no splitting in the high-field doublet of its spectrum. Accordingly, the present 
isomer must be the 6-derivative. 

It is not possible to carry out a graphical analysis of the low-field triplet, but the relative 
peak heights are 5-0: 7-0: 3-8. Ifit is assumed that the 6(9)-doublet partially collapses on top of 
its low-field component, then the theoretical ratio is 5:7: 4. The loss in resolution of the 
peaks may be due to slight changes in the half-band widths, similar to those observed in the 
high-field doublet. 

The spectrum of the first dimethyl derivative shows a similar splitting of the high-field 
doublet into four components. Their intensities, however, are almost identical with those 
calculated theoretically for the superposition of two doublets of the same half widths. The 
splitting requires that one of the methyl groups is in the 6-position. The location of the second 
methyl group follows from the intensities of the low-field triplet. In this, there has been a 
pronounced diminution of both the mid- and high-field components, so that the observed peak 
heights are approximately 6-2: 7-0: 3, the last figure being for the point of inflexion. If it is 
assumed that the 6(9)-doublet collapses in a similar fashion to that in the monomethy] derivative 
and that the other position substituted is either the 5- or the 8-, the theoretical heights are 
5: 6:3, to which has to be added the collapsed peak from the 5-position. The latter peak will 
probably lie somewhere on the low-field side of its parent doublet in a similar way to that found 
for the doublets of the other alkyldecaboranes, and consequently will distribute its intensity to 
the low- and mid-field components of the triplet. The overall expected ratio will therefore be 
near 6: 7:3. It is not possible to decide directly from the spectrum whether the substance is 
the 5,6- or the 6,8-dimethyl compound or a mixture of the two. The sharp m. p. suggests that 
it is a single compound and it is possible that it is the 5,6-dimethyl derivative, since reduced 
splitting in the high-field spectrum of the 6,8-compound might be expected on the basis that 
the environments of the 2- and the 4-position are very similar in this compound. 

The second dimethyl] derivative has a spectrum in which the multiplet structure on the high- 
field side has reverted to a single doublet. This doublet, however, lies at a lower field than that 
of decaborane, at a position which is the same as that of the low-field components in 6-methyl- 
decaborane. The low-field triplet also shows considerable changes, with the emergence of a 
new peak, just on the low-field side of the triplet. 

Since the high-field spectrum is a doublet, the 2- and the 4-position must be in an identical 
environment. This condition is satisfied by the substance’s being 6,9-dimethyldecaborane. 
The new peak on the low-field side of the triplet is that resuting from the collapse of the 6,9- 
doublet on complete substitution. 


DISCUSSION 


The behaviour of decaborane with lithium alkyls is the converse of that with Friedel- 
Crafts reagents.+? The active species is R~ and this will be expected to attack points of 
low charge density. Accordingly, a different methyl isomer, 6-methyldecaborane, is the 
main product and shows that the 6-position is the most electropositive in decaborane. 

A number of other reactions confirm this deduction. For example, acetonitrile reacts 
with decaborane with the elimination of hydrogen to form decaborane-bisacetonitrile,” 


* Blay, J. Williams, and R. L. Williams, J., 1960, 424. 
” Schaeffer, J. Amer. Chem. Soc., 1957, 79, 1006. 
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BioH2(CHg‘CN),. In this molecule, the nitrogen is attached at the 6,9-positions,“ and 
presumably the reaction proceeds by the donation of the nitrogen lone-pair of electrons 
to the most electropositive points in decaborane. Similar reactions occur between deca- 
borane and triphenylphosphine,!* diethylcyanamide,!” and pyridine.!* 

The deuterium exchange of decaborane with D,O in dioxan * is also accounted for 
by a mechanism involving donation of a lone-pair of electrons from the solvent to the 
6(9)-position. 

The production of a small amount of 5-methyldecaborane during the methylation 
indicates that this is the second most electropositive point in the molecule, though much 
less so than the 6-position. The disubstituted products, viz., 6,9- and 6,5(or 8)-dimethyl- 
decaborane confirm these deductions. 

The Friedel-Crafts and alkyl-lithium products therefore both lead to the result that the 
order of decreasing electron density in decaborane is 2- > 1- > 5- >6-. This result 
does not agree very well with the predictions of Eberhardt e¢ al.,!° who calculated a charge 
distribution of +2e/3 for the 2,4-positions, —e/3 for positions 5, 7, 8, and 10 and zero 
charge for the remainder, using simple L.C.A.O. wave functions. However, in an appendix, 
they report that with a self-consistent L.C.A.O. approximation, a charge distribution of 
—0-19e for the 2(4)-, —0-03e for the 1(3)-, 0 for the 6(9)-, and +0-lle for the 5(7),8(10)- 
positions is obtained. Moreover, Lipscomb ** has since modified this result to take account 
of two factors. First, negative charge tends to concentrate in the innermost parts of the 
molecule, since the wave functions vanish toward the exposed regions. Secondly, the 
bridge hydrogens carry a charge of —0-1 to —0-2e. Both these effects tend to increase 
the positive charge at position 6(9) and they may therefore become more electro-positive 
than the 5(7)8(10)-positions. The theoretical charge distribution is then in tolerably good 
accord with experiment. 


We thank Dr. B. N. Figgis for his co-operation in obtaining the nuclear magnetic resonance 
spectra, and Messrs. J. V. Griffiths (E.R.D.E.) and F. W. James (C.D.E.E., Porton) for the 
elemental analyses. 


E.R.D.E., Ministry oF AVIATION, WALTHAM ABBEY, ESSEX. [Received, March 14th, 1960.) 


11 Reddy and Lipscomb, J. Chem. Phys., 1959, 31, 610. 

12 Hawthorne and Pitochelli, J. Amer. Chem. Soc., 1958, 80, 6685. 

13 Burkardt and Fetter, Chem. and Ind., 1959, 1191. 

14 Shapiro, Lustig, and R. E. Williams, J. Amer. Chem. Soc., 1959, 81, 840. 

18 Eberhardt, Crawford, and Lipscomb, J. Chem. Phys., 1954, 22, 989. 

16 Lipscomb, in “‘ Advances in Inorganic Chemistry and Radiochemistry,” ed. Emeléus and Sharpe, 
Academic Press, New York, Vol. I, 1959, p. 118. 
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971. Boron Hydride Derivatives. Part VI.1 Decaborane 
Grignard Reagent. 
By I. Dunstan, N. J. Bray, and R. L. WILtAms. 


The reaction of decaborane, B,jgH,,, with methyl- or ethyl-magnesium 
iodide has been shown to proceed by two routes. The major reaction yields 
decaboranylmagnesium iodide and methane, and the minor reaction produces 
6-methyl- or 6-ethyl-decaborane. Decaboranylmagnesium iodide reacts with 
triethyloxonium fluoroborate or diethyl sulphate to give 5-ethyldecaborane, 
but reaction with dimethyl sulphate produces equal amounts of 5- and 
6-methyldecaborane. The benzyldecaborane formed by the action of benzyl 
chloride on decaboranylmagnesium iodide is identified as the 6-substituted 
derivative. 


SIEGEL and his co-workers have recently described®* the preparation of a benzyl- 
substituted decaborane by allowing decaboranylmagnesium iodide, obtained from deca- 
borane and methylmagnesium iodide, to react with benzyl chloride: 


BiH, sMgl + 2Ph*CH,Cl —t B,oH,,*CHPh + CH,Phi + MgCl, 


The “B nuclear magnetic resonance spectrum of this compound indicated that substitution 
had not occurred in the apical 2,4-position of decaborane (see I; preceding paper), but 
no attempt was made to interpret the spectrum more fully. In Parts IV‘ and V! the 
nuclear magnetic resonance spectra of a number of alkylated decaboranes were discussed in 
detail. The problem of the structure of benzyldecaborane has therefore been re-examined 
with reference to these substances and extended to include a study of ethyl- and methyl- 
decaboranes prepared by the action of suitable alkylating agents on decaboranylmagnesium 
iodide. 

Gallaghan and Siegel® showed that no reaction occurred between the decaborane 
Grignard reagent and alkyl chloride, bromide, or iodide, but that trialkyloxonium salts 
or certain alkyl fluorides gave the corresponding alkyldecaborane in 6—40% yield. It has 
now been found that dimethyl sulphate, diethyl sulphate, and triethyloxonium fluoro- 
borate react with decaboranylmagnesium iodide to form alkyl derivatives. However, the 
fluoroborate is less satisfactory than diethyl sulphate for ethylation, since the salt is very 
hygroscopic and, even when it is used immediately after being prepared, the yield of ethyl- 
decaborane is poor. 


EXPERIMENTAL 


Reactions of Grignard compounds were carried out in a nitrogen atmosphere. 

Decaboranylmagnesium Iodide.—Ethereal methylmagnesium iodide* was allowed to 
react with decaborane which had been recrystallised from n-hexane, to give methane and deca- 
boranylmagnesium iodide as described by Siegel e¢ a/.2_ The product was obtained as a red, 
ether-soluble syrup. 

Reactions of the Decaborane Grignard Reagent.—(i) With tviethyloxonium fluoroborate. Tri- 
ethyloxonium fluoroborate (ca. 30 g., 0-16 mole; prepared from boron trifluoride—ether complex 
and epichlorohydrin’) was added to decaboranylmagnesium iodide [ca. 10-9 g.; from 
decaborane (0-04 mole)]. An immediate exothermic reaction occurred and continued for 
20 min. The red syrup obtained was stored at room temperature overnight, then ether was 
removed under diminished pressure and the residue was exhaustively extracted with isopentane 


+ Part V, preceding paper. 

? Siegel, Mack, Lowe, and Gallaghan, /. Amer. Chem. Soc., 1958, 80, 4523. 
* Siegel and Mack, J. Phys. Chem., 1959, 68, 1212. 

* R. L. Williams, Dunstan, and Blay, J., 1960, 5006. 

’ Gallaghan and Siegel, J]. Amer. Chem. Soc., 1959, 81, 504. 

* Gilman, Zoellner, and Dickey, J. Amer. Chem. Soc., 1929, §1, 1576, 


’ Meerwein, Battenberg, Gold, Pfeil, and Willfang, J. prakt. Chem., 1939, 154, 83. 
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(150 c.c.). Removal of solvent from the extract yielded a red liquid mixture (5-33 g.) of deca- 
borane and its alkyl derivatives which were separated by distillation in an evaporative still into 
decaborane (1-10 g.) and a colourless liquid (1-093 g.). The latter was shown by gas chrom- 
atography to consist of decaborane (30-3%) and 6-methyl- (10-8%) and 5-ethyl-decaborane 
(58-9%); the yield of 5-ethyldecaborane, based on decaborane converted, was 14-6%. 5-Ethyl- 
decaborane had m. p. 1—2° (Found: B, 68-7; C, 16-3%; equiv., 153-5. B,jH,,C,H; requires 
B, 71-9; C, 16:0%; equiv., 150-2), retention volume 1-93.* It is not possible to detect 6-ethyl- 
decaborane by gas chromatography since this has a similar retention volume to that of 5-ethyl- 
decaborane. However, the infrared spectrum was almost identical with that reported ® for 
5-ethyldecaborane except that some minor peaks were missing. Absence of absorption at 873 
and 833 cm.+ showed that very little 6-ethyldecaborane was present. Similarly, the absence 
of splitting or asymmetry in the high-field doublet of the “B nuclear magnetic resonance 
spectrum (see Figure) also shows that the amount of 6-ethyldecaborane must be small. 
6-Methyldecaborane was not analysed since its infrared spectrum and retention volume were 
identical with those of 6-methyldecaborane described in 

Part V.1. The ™B nuclear magnetic resonance spectrum is Field—— 


shown in the Figure. 
(ii) With diethyl sulphate. Redistilled diethyl sulphate 
(18-46 g., 0-12 mole) was added gradually to decaboranyl- 
magnesium iodide [from decaborane (4:88 g., 0-04 mole)] 
in ether (100 c.c.). An immediate, exothermic reaction led 
to a heavy yellow precipitate. After 1 hr., ether was removed , 
and the residue heated on the steam-bath (2 hr.), cooled, and 
exhaustively extracted with isopentane (150c.c.). Evaporation _ A 
8 
te \N 
c 


of the extract under diminished pressure gave a yellow liquid 
(7-63 g.) which gas chromatography showed to.consist of solvent 
(including diethyl sulphate) (565%), decaborane (12-7%), 
6-methyl- (4.0%) and 5-ethyl-decaborane (26-9%), with a 
small amount of diethyldecaborane. The yield of 5-ethyl- 
decaborane based on decaborane converted was 42:°7%. The 
major components had identical retention volumes and infrared 


spectra with those reported in (i) above. The “B nuclear magnetic 


(iii) With dimethyl sulphate. Redistilled dimethyl sulphate resonance spectra of: 
(15-1 g., 0-12 mole) was added gradually to a stirred (A) 5-B,gH,sEt. 
solution of decaboranylmonomagnesium iodide [from de- (B) 6-B,)H,,Me. 
caborane (4:88 g., 0-04 mole)] in ether (100 c.c.). A (C) 5-ByoH,3Me. 


vigorous, exothermic reaction occurred, giving a yellow 

precipitate. After 2 hr., ether was removed and the residue was worked up as in (ii). The 
resulting yellow liquid (4-94 g.) was shown by gas chromatography to consist of solvent (including 
dimethyl sulphate) (32:2%), decaborane (26-8%), 5-methyl- (17-7%) and 6-methyl-decaborane 
(23-3%); disubstituted derivatives were present in small amounts. 5-Methyldecaborane had 
m. p. 19—21° (Found: H, 11-5; C, 8-9%; equiv., 138-1. B,j9H,,;CH, requires H, 11-8; C, 
88%; equiv., 135-2), retention volume, 1-04. The “B nuclear magnetic resonance spectrum 
(see Figure) is almost identical with that found for the 5-ethyl derivative, in which the collapse 
of the high-field component of the low-field triplet shows that 5-substitution has taken place.*® 
The 6-methyldecaborane was identified by comparison of its retention volume and infrared 
spectrum with those of an authentic sample. 

(iv) With benzyl chloride. Redistilled benzyl chloride (12-65 g., 0-10 mole) was added to 
decaboranylmagnesium iodide [from decaborane (4-88 g., 0-04 mole)] in ether (70 c.c.). There 
was no apparent reaction. Working-up as in (ii) yielded a dark viscous oil (8-91 g.). This was 
purified by preparative gas chromatography, followed by recrystallisation from carbon 
disulphide, to give crystalline benzyldecaborane, whose infrared spectrum was almost identical 
with that reported by Siegel e¢ a/.; ? however, the BH stretching band at 2500 cm.! was a single 
sharp peak even under highest resolution, the bands at 1530 and 760 cm.” reported by Siegel 


* All retention volumes are measured at 140° and are relative to naphthalene, Vg = 1:00, and 
decaborane Vp = 0-78. 


* Blay, J. Williams, and R. L. Williams, /., 1960, 424. 
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et al. were absent, and there were small differences in intensity in the region around 1100 cm. 
and from 940 to 820cm.*. These discrepancies could be due to the different state in which the 
substance was measured, but this is believed to be unlikely in view of the relative insensitivity 
of the spectra of decaborane derivatives to change of phase or solvent. The yield of benzyl- 
decaborane was very small, owing to thermal decomposition on the gas-chromatographic 
column, and insufficient material was available to repeat the measurement of its 4B nuclear 
magnetic resonance spectrum. However, if the reported spectrum ? is examined, it is possible 
to make a structural assignment. Siegel et al. have already noted that the splitting of the 
high-field doublet into four components implies that the decaborane nucleus is unsymmetrically 
substituted in a position other than the 2-position. Only 5- or 6-substitution fulfils this 
condition; but the spectra of 5-substituted compounds (see Figure and Part II *) show no 
sign of a splitting in the high-field doublet. Moreover, this splitting is found in 6-methyl- and 
6-ethyl-decaborane, so the benzyldecaborane must be 6-substituted. This is confirmed by a 
consideration of the low-field triplet. The appearance of a new peak on the low-field side of 
this triplet is the result of the partial collapse of the 6(9)-doublet on substitution, in a similar 
fashion to that already noted. 

Reaction of Decaborane with Ethylmagnesium Iodide.—Redistilled dimethyl sulphate (15-1 g., 
0-12 mole) was added gradually to a solution of decaboranylmagnesium iodide [from deca- 
borane (4-88 g., 0-04 mole) and 1-03N-ethereal ethylmagnesium iodide (39-2 c.c., 0-04 mole)] in 
anhydrous ether (100 c.c.) as described in the previous experiment. The product, a mixture of 
yellow oil and crystals (4-58 g.), was shown by gas chromatography to consist of solvent (includ- 
ing dimethyl sulphate) (6-4%), decaborane (26-0%), two methyldecaboranes (26-0 and 26-0%), 
and 6-ethyldecaborane (6-3%). Some disubstitution occurred. The combined yield of methyl- 
decaboranes, based on decaborane converted, was 58-0%. The substances were identified by 
means of their infrared spectra. There was no indication from the spectrum that 5-ethyldeca- 
borane was present in the 6-ethyl compound. 

Experimental Methods.—Analytical gas chromatograms were measured with a Griffin and 
George mark II apparatus at 140°. Two-metre columns packed with Apiezon L grease (20%) 
on Embacel support (80%) were used with dry hydrogen as carrier gas. Preparative separations 
were carried out at 140° on a 12 ft. column, 1” in diameter, packed with the same stationary 
phase, except for benzyldecaborane when a 3 ft. column was used at 160°. 

Infrared spectra were measured for CS, and CCl, solutions with either a Grubb—Parsons S3A 
double-beam prism spectrometer or a GS2 double-beam grating spectrometer. 

The “B nuclear magnetic resonance spectra were obtained with a Varian Associates 
V4310 C spectrometer at 12 Mc./sec. Samples were measured either as liquids or as CS, solutions 
in 5 mm. diameter tubes. 

Equivalent weights were obtained by potentiometric titration of the acetonitrile solution 
with aqueous aliali.* 1° 


DISCUSSION 


The presence of 6-methyldecaborane in the product from decaboranylmagnesium iodide 
and diethyl sulphate or triethyloxonium fluoroborate can only be explained by the 
existence of two modes of reaction between decaborane and methylmagnesium iodide, v1z.: 


BiH, + CHyMgl —B ByHiMgi+ CH, ......-.. WW 
BiH, + CHyMgl — ByH,CH,+MgH} . . ...... @ 


The proportion of methyl- to ethyl-decaborane in the ethylation products indicates that 
about 80—90°, of the decaborane reacts by mechanism (1) and the remainder by a direct 
alkylation to give a 6-substituted derivative. The latter reaction is analogous to the 
nucleophilic substitution of decaborane at the 6-position by methyl- and ethyl-lithium. 

In the reaction of decaboranylmagnesium iodide with dimethyl sulphate, both 6- and 


* Atteberry, J. Phys. Chem., 1958, 62, 1458. 
” Griffiths and R. L. Williams, Chem. and Ind., 1959, 656. 
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§-methyldecaborane are produced, in the molar ratio of about 5-7: 4-3. However, about 
1:5 mols. of the 6-methyldecaborane arise from the initial reaction (2), so the Grignard 


Relative yields of alkylated decaboranes normalised to a total yield of 10 moles of product. 
Reaction 5-MeB,,.H,; 6-MeB,,H,; 5-EtB,,.H,; 6-EtB,,H,; 

B,oH,;MgI-Et,0,BF, 1-7 8-3 

B,oH,sMgI-Et,SO, 1-4 8-6 

B,oH,3Mgl-—Me,SO, . 5-7 

B,oH,3Mgl from EtMgI-Me,SO, ... 45 1-0 

compound must react with dimethyl sulphate to yield 5- and 6-methyldecaborane in 

approximately equimolar amounts: 


ByoHy3Mgl -+- Me.SO, ——B 5-MeB,oH,3 + MeSO,g’Megl (50%) 
—> 6-MeB,gH,3 + MeSO,Mgl (50%) 


This view is confirmed by examination of the products formed by treating the Grignard 
compound from decaborane and ethylmagnesium iodide with dimethyl sulphate: 5- and 
6-methyldecaborane are formed in approximately equal amounts, together with about 
10% of ethyldecaborane. The ethyldecaborane is the 6-substituted derivative and arises 
from reaction of decaborane with ethylmagnesium iodide in a similar manner to that noted 
for methylmagnesium iodide: 


BigHig + EtMgl —— B,.H,3Mgl + C,H, ———— 5-MeBygH,3 + 6-MeBigHys 
~~ 1% MeSO, 50% 50% 
6-EtB,gH,, 
10% 


The reactions of decaboranylmagnesium iodide can be regarded as arising from the partially 
ionic structure [B,)H,,]* MglI** and therefore differ from those of decaborane itself. In 
the case of the latter, there is considerable evidence that the 6-position is the most electro- 
positive in the molecule. However, ionisation of decaborane to yield B,,H,,~ takes place 
by abstraction of a bridge proton from between the 5- and the 6-position," thereby 
enabling electrophilic attack to take place at these positions. 

The relative amounts of substitution products when [B,)H,3]*-MgI** reacts seem to 
depend on the attacking species. Thus, with dimethyl sulphate equal amounts of 5- and 
6-methyl derivatives are produced, but with diethyl sulphate the product is predominantly 
5-substituted. On the other hand, with benzyl chloride the compound formed is largely 
6-benzyldecaborane. 


We thank Dr. B. N. Figgis for his co-operation in obtaining the nuclear magnetic resonance 
spectra, and Mr. F. W. James, of C.D.E.E., Porton, for the analyses. 


E.R.D.E., Ministry OF AVIATION, WALTHAM ABBEY, ESSEX. [Received, April 29th, 1960.) 


™ Lipscomb, J. Inorg. Nuclear Chem., 1959, 11, 1. 
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972. The Dehydrogenation of Coals with p-Benzoquinone. 
By M. E. PEOVER. 


Dehydrogenation of coals takes place on reaction with p-benzoquinone, 
considerable amounts of aliphatic hydrogen being removed. It is concluded 
that up to one-third of the carbon in coals occurs in the aliphatic part of 
hydroaromatic systems, the amount falling off with increasing carbon 
content of the coal. The hydroaromatic systems must be considerably 
substituted, particularly in coals of lower carbon content. Vitrinites and 
exinites do not differ greatly in the proportions of carbon in this hydro- 
aromatic form. Besides dehydrogenation, a largely reversible addition of 
the quinone to the coal occurs, probably mainly to structures produced by 
the dehydrogenation; this permits some general statements to be made 
about the nature of some of the hydroaromatic systems. 


WHEREAS the aromatic systems in coals have received considerable attention in the past 
few years, the non-aromatic material which is acknowledged to constitute an important 
fraction of the coal structure has received little investigation. In an attempt to obtain 
more information relating to the non-aromatic portions of the coal structure, the reaction 
between a series of coals and /-benzoquinone has been studied. 

Quinones have been used widely as hydrogen acceptors in the aromatisation of hydro- 
aromatic donors in solution under mild conditions, reaction being clean and not involving 
substituent groups (for a literature survey see ref. la). Braude, Linstead, and their 
co-workers ! found practically quantitative reaction with a wide variety of hydrogen 
donors and acceptors under suitable conditions. Side reactions involving Diels—Alder 
addition of the quinone to the products of dehydrogenation sometimes took place. 

Coals consist of a series of components, distinguished mainly by their appearance under 
the microscope, but also to some extent by their chemical properties. The petrological 
component exhibiting the most consistent and continuous variations in chemical properties 
with carbon content is vitrinite, and a series of hand-picked, vitrinite-rich (80—90%) coals, 
together with some purer vitrinites (90—98%) prepared by a flotation procedure,* have 
been used for this investigation. A series of pure exinites,* which contain considerably 
more hydrogen than vitrinites and are considered to be less aromatic,? have also been 
investigated. 

Results.—The extent of reaction was estimated from the quinone consumed and quinol 
produced. In preliminary experiments both chloranil and quinone were used as hydrogen 
acceptors in dimethylformamide, phenetole, and 1,2,4-trichlorobenzene, but conventional 
methods for determination of the quinols were unsatisfactory owing to interference by the 
solvent or coal. However, the combination quinone—dimethylformamide had the 
advantages that both quinone and quinol could be determined simultaneously polaro- 
graphically and that the reaction proceeded at a convenient rate at the b. p. (153°). This 
system was adopted for the present studies. 

In the absence of added hydrogen donor, quinone in boiling dimethylformamide 
undergoes a slow reaction with the formation of some quinol in the later stages. In the 
presence of coal the quinone disappears rapidly and considerable amounts of quinol are 
formed. This behaviour is illustrated in Fig. 1. In most cases the quinol formation 
approached a limiting value after several hours (see Fig. 1), showing that a major proportion 
of the dehydrogenation was complete. After correction for the production of quinol in 
dimethylformamide alone (in most cases less than 15°% of the total), the hydrogen removed 
from the coal was calculated. The results are collected in Tables 1 and 2. 

* These samples were kindly supplied by Dr. G. W. Fenton, of the National Coal Board. 


1 (a) Braude and Linstead, J., 1954, 3544; (b) Braude, Jackman, and Linstead, ibid., (b) p. 3548; 
(c) p. 3564; (d) Braude, Brook, and Linstead, ibid., p. 3569. 
? Brown, “ Macerals,”’ B.C.U.R.A. Bulletin Review 183, 1959, and references therein. 
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These Tables show that appreciable amounts of hydrogen are apparently removed 
from all the coals except those of highest carbon content. The extracts of the coals give 
figures closely resembling those of the parent coals. Since the former are in solution and 
resemble the parent coals chemically in most respects, this suggests that the heterogeneity 
of the reaction mixture when the coal is being used does not greatly retard reaction. The 
amount of hydrogen removed from sample V11 which had been reduced by lithium- 
ethylamine compared with that from the parent coal agrees well with the amount of 
hydrogen introduced into the coal by the reduction which had previously been considered 
to reduce primarily the aromatic systems.® 


TABLE 1. Dehydrogenation of a lignite and a series of highly vitrainous coals and 


vitrinites. 
Hydrogen removed 
C (%) H (%) (g./100 g. of coal) 
Coal (dry mineral- (a) from quinol (b) from 
No. Colliery and seam matter free) produced analysis 
vl S. Arcot Lignite 64-9 5-5 2-3 — 
v2 Binley, 9 foot (DO) 77-7 5:3 2-6 — 
v3 Cannock Wood, Shallow 79-6 4-9 2-0 1-8 
v4 Ellington High Main (DIII) 81-7 4-9 2-3 — 
a Acetylated ¢ 2-0* — 
2 DMF extract? t¢ 82-5 6-2 2-4 2-1 
V5 Markham Main, Barnsley 82-3 5-0 3-0 _ 
V6 Maltby, Barnsley’ (DVI) 83-9 5-4 2-0 1-3 
V7 Dinnington Main, Barnsley 85-1 5:3 1-4 — 
V8 Sneyd, Coxhead (DIX) 86-0 5-3 1-7 } 0-8 
1-6 
5 Acetylated °¢ 85-0 6-8 1-4* _ 
ie DMF extract ¢ ¢ 1-9 — 
v9 Aldwarke Main, Silkstone 86-9 5-4 2-1 —_ 
v10 Chislet, No. 5 88-6 5-3 1-7 — 
Vil S. Garesfield, Victoria (DXIII) 88-9 5-1 1-6 1-4 
ra Reduced with lithium 86-0 7-2 3-5 3-0 
vl2 Coegnant, Gellideg 91-4 4:5 0-5 — 
v13 Blaenhirwaun, Pumpquart 93-8 3-1 0-1 — 
* Allowance made for acetyl. + DMF = Dimethylformamide. 


* Acetyl content of acetylated material was 13-1%. * 12% Extraction. * Acetyl content of 
acetylated material was 65%. ¢ 19% Extraction. 


TABLE 2. Dehydrogenation of a series of exinites. 


Coal C (%) H (%) Hydrogen removed (g./100 g. 

No. Colliery and seam (dry, ash-free basis) coal) from quinol produced 
El Cannock Wood, Shallow 81-0 7-0 47° 

E2 Markham Main, Barnsley 81-6 7:6 2-7 

E3 Dinnington Main, Barnsley 84-3 7-6 2-0 

E4 Aldwarke Main, Silkstone 87-1 7-4 2:3 

E5 Chislet, No. 5 89-1 6-2 2-5 

* Value from analysis is 2-1 g. 


It is not clear to what extent phenolic hydrogen would be removed in the reaction. 
Thus the oxidation of quinols of suitable oxidation potentials to quinones by benzoquinone 
has been reported,‘ but not of monophenols. On the other hand, the oxidation of a large 
number of phenols by diphenylpicrylhydrazyl has recently been investigated. The 
mechanism of hydrogen abstraction by this reagent is not clear, but transfer of hydride 
ion has been inferred as for dehydrogenation by quinone.” In any case the oxidising 
power of diphenylpicrylhydrazyl is much greater than that of benzoquinone (oxidation 


® Given, Lupton, and Peover, Proc. Conf. Science in the Use of Coal, Inst. Fuel, 1958, A-38. 
* Urban, Monatsh., 1907, 28, 314; Valeur, Ann. Chim. (France), 1900, 21, 552. 
5 McGowan, Powell, and Raw, J., 1959, 3103. 
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potentials about 1-2 v and 0-71 v).6 The amount of hydrogen in coals associated with 
phenolic hydroxy] is in the range 2—8% of the total hydrogen.’ In an attempt to deter- 
mine the effect of phenolic groups in coal, a number of acetylated coals were treated with 
quinone. Acetylation of the phenolic hydroxyl groups slows down the dehydrogenation; 
the final amount of oxidation is somewhat lower than for the unacetylated coal, but as 
the difference is small (10—15%) it is probably accounted for by the different rates of 
reaction. 

In all cases where appreciable amounts of quinol were produced, an excess of quinone 
was consumed, as can be seen, for example, from Fig. 1. Hence not only dehydrogenation 
occurred. Weight increases usually of 15—20%, but sometimes up to 30%, were found 
in the products, and elementary analyses showed decreased hydrogen contents but also 
decreased carbon and increased oxygen contents. This side reaction with quinone made 
characterisation of the products difficult. 

The infrared spectra of the products from the coals V4 (acetylated), V5, El, and E5 
showed reduced aliphatic C-H absorption (in the case of V5 and El greatly reduced). Also 


Fic. 2. Infrared spectrum between 


Fic. 1. Reaction of benzoquinone in boiling dimethylform- 2000 and 4000 cm." of (a) V4 coal 
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two intense new bands had arisen at about 1510 and 1680 cm.-, associated with aromatic 
and carbonyl absorption, respectively. The presence of these bands in the acetylated 
sample eliminated the possibility of molecular complexes of the quinhydrone type, but 
Diels—Alder addition of the quinone to existing structures in the coal or to those produced 
by dehydrogenation would account for the observed results. The two new bands were 
eliminated from the E5 product by boiling it in «-naphthol, whereas the reduction in 
aliphatic C-H absorption was as marked as formerly. The use of a lower temperature 
(boiling 1,2,4-trichlorobenzene) was unsuccessful in bringing about division; also the bands 
could not be eliminated completely from the V5 product by treatment in «-naphthol. 

On the assumption that only dehydrogenation together with some addition of quinone 
occurred in the reaction,* the analyses of the products could be corrected for the addition 


* I am indebted to a Referee for pointing out that, in view of known addition of amines to benzo- 
quinone giving 2-alkyl- or aryl-aminoquinols (Hofman, Proc. Roy. Soc., 1863, 18, 4; H. and W. Suida, 
Annalen, 1918, 416, 118), there is a slight possibility that phenolic structures in coal might by an analogous 
reaction phenoxylate benzoquinone. If this occurred the phenoxy-quinols produced, not being in solu- 
tion, should not influence the polarographic analysis—unless they are capable of reducing benzoquinone. 


* Braude, Brook, and Linstead, J., 1954, 3574. 
7 Blom, Edelhausen, and van Krevelen, Fuel, 1957, 36, 135. 
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on the basis of the increased oxygen contents, thus obtaining the amount of hydrogen 
removed. These values are included in Table 1 and 2 and are in most cases in fair agree- 
ment with those calculated from the quinol production, which should measure only the 
dehydrogenation and not be affected by Diels—Alder addition 

Since the body of this work was completed, Bonthrone and Reid ® have published 
details of dehydrogenations using the triphenylmethyl cation in the form of triphenyl- 
methyl perchlorate as hydrogen acceptor. The application of this method to V4 coal 
gave a product whose infrared spectrum showed changes in hydrogen content similar to 
those in the quinone-treated sample but with little evidence of side reactions. A portion 
of the spectrum showing the changes in relative intensities of aliphatic and aromatic C-H 
absorptions at 2900 and 3030 cm." is given in Fig. 2. The further use of this reagent is 
being explored. 

Discussion.—The results show that considerable anrounts of aliphatic hydrogen can 
be removed from coals by reaction with quinone. The nature of the hydrogen-abstraction 
by quinone from known compounds creates the presumption that with coals this occurs 
from hydroaromatic systems. Moreover, the alicyclic part of these systems must be fused 
to an aromatic ring, as in tetralin, since fully saturated structures are not dehydrogenated 
by this technique. 

Although aliphatic hydrogen is removed in the reaction with quinone, the amount of 
aromatic hydrogen is not noticeably increased. This can only partly be accounted for 
by the lower extinction coefficient of aromatic C-H bonds, and it must be concluded that 
the hydroaromatic systems are considerably substituted. 

The rate of dehydrogenation of coals by quinone is surprisingly high; in this respect 
it most nearly resembles that of 1,4-dihydronaphthalene,” one of the more reactive hydro- 
aromatic compounds. When applied to 1,4-dihydronaphthalene, 9,10-dihydroanthracene, 
and tetralin, the procedure used in this work resulted in 91%, 31%, and ~10% dehydro- 
genation after 7 hr. But there is no evidence for the presence of ethylenic bonds in 
coals, and recent work,” using nuclear magnetic resonance, suggests the absence of 
significant numbers of methylene bridges. Possibly the presence of hydroxyl and other 
substituents may have a bearing on this reactivity. 

Evidence for the presence of hydroaromatic material in coals has been presented by 
Mazumdar e¢ al.," who found that hydrogen sulphide was evolved when coals were heated 
with sulphur. However, other workers! have shown that unsubstituted polycyclic 
aromatic compounds also yield hydrogen sulphide under similar conditions. The reaction 
is thus not sufficiently selective to establish the presence of hydroaromatic features from 
the evolution of hydrogen sulphide alone. 

It is of interest to know whether the addition of quinone, which takes place 
simultaneously with dehydrogenation, is confined to structures already present in the coal 
or to those produced by dehydrogenation. Treatment of one coal with maleic anhydride 
(a more reactive dienophile than quinone) in boiling dimethylformamide gave no 
indication of a significant amount of reaction, suggesting that it is the products of dehydro- 
genation which are reactive in this respect. Since analogues of anthracene and perylene 
are the only aromatic compounds known to give adducts under the conditions used,'* our 
conclusion points to the production of these aromatic systems from hydroaromatic 
structures. 

In considering the significance of the data for hydrogen abstraction in Tables 1 and 2, 
it must be borne in mind that complete reaction may not have taken place; also, any ring 

§ Bonthrone and Reid, J., 1959, 2773. 

* Brown, J., 1955, 744; Brown and Hirsch, Nature, 1955, 175, 229. 

1 Brown and Ladner, Fuel, 1960, 39, 87. 

11 Mazumdar, Choudhury, Chakrabartty, and Lahiri, ]. Sci. Ind. Res. India, 1958, 17, B, 509. 

* van Krevelen, Goedkoop, and Palmen, Fuel, 1959, 38, 256; Pinchin, personal communication. 


18 Alder, ‘‘ Newer Methods, of Preparative Organic Chemistry,” Interscience Publ. Inc., New York, 
1948, p. 485. 
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bearing two substituents on one aliphatic carbon atom would not react completely,* and 
fully saturated systems could not be determined at all. For these reasons the values 
represent minimum amounts of hydrogen that can be removed from the coals by dehydro- 
genation. The dehydrogenation does not constitute an analytical determination of 
hydroaromatic structures in coal, as Mazumdar e¢ al. chose to regard their dehydro- 
genation with sulphur. Nevertheless, the results are useful in limiting the possible 
structures that can be assigned to coal. The results cannot give directly the total amount 
of hydrogen in hydroaromatic systems, since this requires a knowledge of the degree of 
substitution of these systems which is not available. However, since each hydrogen atom 
lost is derived from one carbon atom in the hydroaromatic system, the (minimum) propor- 
tion of hydroaromatic carbon is given directly by (%% hydrogen removed x 12)/(% carbon 
in coal). 

These minimum values for hydroaromatic carbon fractions are plotted in Fig. 3 against 
the carbon content of the coals. There is a marked decrease in the fraction with increasing 


Fic. 3. Minimum fraction of carbon in hydro- 
aromatic form in a series of coals as determined by 
reaction with benzoquinone. 
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carbon content of the vitrains, notably in the region 90—94% carbon, where the aromatic 
systems are thought to increase in size rapidly..* The fraction of ‘‘ amorphous material ” 
as deduced by Hirsch, Cartz, and Diamond from X-ray studies, which may also contain 
contributions from oxygen atoms, is also shown in Fig. 3 for comparison. The point in 
Fig. 3(a) corresponding to a carbon fraction of 0-7 refers to the exinite E, and may be too 
high due to experimental error (See Table 2); a more probable value is 0-36—0-38. 

The minimum values of hydroaromatic carbon obviously set maximum limits to the 
fraction of aromatic carbon. 

The average composition CH, of the hydroaromatic portion of the coals can be 
calculated on the assumptions: (1) that Brown’s estimates,* based on infrared intensities, 
of the ratio of aromatic to aliphatic hydrogen in coals are correct (if incorrect they are 
likely to be too low * 15) and that extrapolation of his data below 84% carbon is per- 
missible; (2) that the hydroaromatic carbon contents calculated above are not minima; 
(3) that all the aliphatic material in coal is hydroaromatic. Since incorrectness of any of 

* Since this was written it has been shown (Braude, Jackman, Linstead, and Lowe, J., 1960, 3123), 


that one alkyl group in certain gem-dialkyl hydroaromatics migrates to the ortho-position under the con- 
ditions used, making dehydrogenation impossible. 


'« Hirsch, Proc. Conf. Science in the Use of Coal, Inst. Fuel, 1958, A-38 and references therein. 
1 Given, Fuel, 1960, 39, 147. 
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these assumptions would make the calculated values of x lower, they are maximum figures. 
The values of x are plotted in Fig.4. The low, maximum, values of x for coals of low carbon 
content show that the hydroaromatic rings are considerably substituted or fused into 
multi-ring structures in agreement with the conclusions from the infrared spectra noted 
earlier. On the other hand, no useful conclusions can be drawn where x > 2; such values 
only show that one or both of assumptions (2) and (3) do not hold for coals of higher carbon 
content (but the conclusion drawn when x < 2 merely acquire greater force if these 
assumptions are invalid). 

The average composition of the aliphatic parts of coal, apart from its obvious value 
in limiting possible structures, is of some importance in the derivation of structural para- 
meters such as f,, the fraction of aromatic carbon. It has been usual to assume that the 
average composition of the aliphatic material does not vary with rank and is CH, or a 
little greater.416 The present work shows that the first of these assumptions is incorrect, 
and the second could only be valid for coals of higher carbon content. 

A comparison of the series of exinites and vitrains (see Fig. 3) shows that the exinites 
contain a somewhat greater fraction of carbon in hydroaromatic structures. Infrared 
spectroscopic studies of exinites indicate that they contain a greater proportion of hydrogen 
in aliphatic systems than vitrinites; ?® but our results do not enable us to say how much 
of the hydrogen is in ring systems capable of dehydrogenation. 


EXPERIMENTAL 


Materials.—Benzoquinone, m. p. 112—113°, ‘was purified by steam-distillation from a 
laboratory-grade specimen. Dimethylformamide was fractionated, and phenetole purified 
by distillation from sodium. 1,4-Dihydronaphthalene was prepared by the method of Bam- 
berger and Lodter.!? Other materials were either ‘‘ AnalaR ” where available or a laboratory 
grade. 

The solvent extracts of the coals were made by Soxhlet-extraction for 16 hr., followed by 
evaporation of the solvent. Acetylations were performed with a boiling mixture of acetic acid 
and acetic anhydride containing a trace of perchloric acid for 4 hr. 

Details of the coals are given in refs. 3, 18, 19. The ‘“ D”’ coals appearing in Table 1 are 
those previously used for investigations in this laboratory 

Procedure.—In general, 0-1 g. of the dried powdered coal and 0-3 g. of benzoquinone were 
refluxed in 10 ml. of dimethylformamide under nitrogen, with stirring. At intervals, 1 ml. of 
the mixture was withdrawn for analysis. 

Determination of Quinone and Quinol.—In buffered solution, the reduction of quinones and 
oxidation of quinols are strictly reversible at the dropping-mercury electrode.*® The diffusion 
currents are proportional to the concentrations of the quinol or quinone, being slightly larger 
for the latter. Thus when a mixture of the two is polarographed, only one wave is formed 
whose half-wave potential is independent of the concentration of either species, the position 
of zero current on the wave indicating the amounts of oxidisable and reducible components 
(quinol and quinone respectively) in the solution. The formation of oxidisable and reducible 
soluble products other than quinol would result in waves at different potentials and therefore 
need not be determined. 

The aliquot parts from the reaction mixture were diluted to give an approximately 1mm- 
solution in a 50% methanol buffer *4 from which oxygen had been removed with oxygen-free 
nitrogen. Methyl Red was added as a maximum suppressor. Polarograms were made on a 
Tinsley Mark 14/3 polarograph against a saturated calomel electrode with a 0-1N-potassium 
nitrate-agar bridge. Well-defined single waves were always found, with invariant half-wave 
potential of +0-16v. From the position of the galvanometer zero, the heights of the cathodic 


1° Dryden, Fuel, 1958, 37, 444. 

” Bamberger and Lodter, Ber., 1887, 20, 705. 
‘8 Brown, Given, Lupton, and Wyss, Proc. Conf. Science in the Use of Coal, Inst. Fuel, 1958, A-43, 
‘® Given, Peover, and Wyss, Fuel, 1960, 39, 323. 

* Kolthoff and Lingane, “‘ Polarography,” Interscience Publ. Inc., New York, 1952, p. 699. 

*! Smith, Kolthoff, Wawzonek, and Ruoff, J. Amer. Chem. Soc., 1941, 68, 1018. 
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and anodic portions of the wave were determined, and hence the concentrations of quinone and 
quinol, the diffusion current constant of the latter being 1-33 times that of the former.” 

Isolation of Products.—For analysis and infrared determination, the quantities given in the 
preceding section were trebled and the mixture was refluxed for 5 hr. The coal was filtered 
off and washed repeatedly with methanol. The extracts were precipitated with water and 
washed with water. 

Division of the Adducts.—The product (0-3 g.) was refluxed in 10 g. of «-naphthol under 
nitrogen for 3 hr. The solid mass produced on cooling was broken up, and the naphthol 
dissolved out with methanol. The product was washed repeatedly with methanol. 


The author is indebted to Dr. J. K. Brown for determination and interpretation of the 
infrared data, Dr. P. H. Given for helpful discussions, and Miss T. Kemp for much of the 
experimental work. Dr. G. W. Fenton kindly supplied the analyses of the vitrinite samples, 

B.C.U.R.A., RANDALLS Roap, LEATHERHEAD, SURREY. 


[Present address: CHEMICAL RESEARCH LABORATORY, D.S.I.R., 
TEDDINGTON, MIDDLESEX.] [Received, April 6th, 1960.] 





973. The Properties of Some Sulphated Derivatives of D-Glucose 
and D-Galactose. 


By D. Grant and A. HOo-t. 


The properties of some sulphated derivatives of D-glucose and p-galactose 
have been investigated, including their behaviour on paper chromatography 
and ionophoresis. The sulphate group can be removed by reduction with 
lithium aluminium hydride, the parent sugar being regenerated with no trace 
of deoxy-sugar. The sulphate group in 1,2:5,6-di-O-isopropylidene-p-gluco- 
furanose 3-(barium sulphate) resists the action of aqueous sodium or potass- 
ium borohydride at temperatures up to 100°. On periodate oxidation of 
D-glucose 3-(sodium sulphate) and pD-galactose 6-(sodium sulphate) the 
sulphate group does not behave as a simple blocking group. 


STRUCTURAL studies on sulphated polysaccharides are complicated by the presence of the 
sulphate group which makes purification as well as complete acetylation or methylation 
difficult. Acidic hydrolysis usually leads to simultaneous removal of the sulphate groups 
and hydrolysis of the glycosidic links, whilst alkali often degrades the molecule severely. 
In the present work on monosaccharide sulphates we sought information likely to be of 
value in structural studies on sulphated polysaccharides. 

Lithium aluminium hydride has already been used for the reductive fission of carbo- 
hydrate nitrates,! toluene-f-sulphonates,? and methanesulphonates,’ with the regeneration 
in most cases of the parent alcohol group. The parent alcohol is also regenerated by the 
action of lithium aluminium hydride on a secondary toluene-f-sulphonate, but a deoxy- 
group is produced by the reduction of a primary toluene-f-sulphonate. It has already 
been reported * that the sulphate group is removed from a variety of monosaccharide 
sulphates by lithium aluminium hydride in refluxing dioxan, and this has now been applied 
to the barium salts of 1,2:5,6-di-O-isopropylidene-D-glucofuranose 3-sulphate, «$-methyl 
p-glucofuranoside 3-sulphate, 1,2:3,4-di-O-isopropylidene-D-galactopyranose 6-sulphate, 
af-methyl p-galactoside 6-sulphate, and $-methyl D-galactoside 2-sulphate: in all cases 
the parent alcohol was obtained, yields being 43—60%, and no deoxy-sugar could be 
detected in the product. The retention of isopropylidene and methyl glycosidic groups 

Ansell and Honeyman, /J., 1952, 2778. 
Schmid and Karrer, Helv. Chim. Acta, 1949, 32, 1371. 


1 

2 

3 Smith, J., 1957, 2690. 

* Grant and Holt, Chem. and Ind., 1959, 1942. 
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during these reductions is in agreement with the results of other workers. Endres and 
Oppelt 5 found that «-methyl p-glucoside and salicin were not reduced by lithium alumin- 
ium hydride, and Abdel-Akher and Smith ® reduced 2,3:5,6-di-O-isopropylidene-D-mannose 
to 2,3:5,6-di-O-isopropylidene-D-mannitol. The sulphate group in 1,2:5,6-di-O-isopropyl- 
idene-D-glucofuranose 3-(barium sulphate) was not reduced by the action of aqueous 
sodium or potassium borohydride at temperatures up to 100°: examination by paper 
chromatography indicated that there had been some removal of the 5,6-O-isopropylidene 
residue. 

The action of periodate on D-glucose 3-(sodium sulphate) and on D-galactose 6-(sodium 
sulphate) was studied. In both cases the results indicated that the sulphate group does 
not behave as a simple blocking group, as may be seen by comparison with oxidations of 
the corresponding O-methyl sugars. D-Glucose 3-(sodium sulphate) consumed 1 mol. of 
0-1m-sodium periodate at room temperature in the first 3 hr. and a second mol. in 26 hr.; 
acid was produced, 0-8 equiv. having been formed after 30 hr. These results may be 
compared with the reaction of 3-O-methyl-p-glucose with periodate ? which, under similar 
conditions, consumed one mol. of periodate without the liberation of acid. D-Galactose 
6-(sodium sulphate) consumed 2-9 mols. of 0-lm-sodium periodate at room temper- 
ature within a few minutes and even after 30 hr. this value had not increased; after 20 
hr. 2°8 equiv. of acid had been liberated. This may be compared with the reaction 
of 6-O-methyl-p-galactose with periodate * which destroyed 4 mols. of periodate. When 
these periodate oxidations were carried out at 5° the consumption of periodate and the 
liberation of acid were both slower. When D-glucose 3-(sodium sulphate) was treated with 
(-35M-periodate for seven days in the dark no sulphate ions could be detected in the solu- 
tion, but the reaction of D-galactose 6-(sodium sulphate) with 0-35m-periodate under the 
same conditions led to the liberation of all the sulphate as sulphate ions. Even with 0-1m- 
periodate D-galactose 6-(sodium sulphate) liberated 57% of the sulphate in an ionised form 
in 48 hr. 

The application of paper and column chromatography *!° and of paper ionophoresis 
to sugar sulphates has already been described, but only in qualitative terms. We have 
measured the chromatographic and ionophoretic mobilities of a number of sulphated 
derivatives of D-glucose and p-galactose, the results being given in Tables 1 and 2. Each 
Rg value is the average of at least four determinations; the maximum variation was 


TABLE 1. Rg values of sulphated derivatives of D-glucose and D-galactose (acid solvent). 

Derivative Re 
1,2:5,6-Di-O-isopropylidene-p-glucofuranose 3-(barium sulphate) 3-69 
1,2-O0-Isopropylidene-p-glucofuranose 3-(barium sulphate) oo! Rae 
p-Glucose 3-(barium sulphate) s OF 
1,2:3,4-Di-O-isopropylidene-p-galactopyranose 6-(barium sulphate) .... .. 347 
p-Galactose 6-(barium sulphate) .. 0-20 
D-Galactose 2-(barium sulphate) 


about 6%. The reducing sugar sulphates gave well-defined circular spots. The spots 
from the monoisopropylidene derivative were long ellipses, and those from the di-iso- 
propylidene derivatives were long ill-defined streaks. 

Ionophoresis was investigated in borate (pH 10), phosphate (pH 10), and acetate 
(pH 4) buffers. With phosphate and acetate buffers sodium D-glucuronate was used as a 
reference standard, and the mobilities obtained are referred to as Meiucuronate Values. Each 
value quoted is the average of at least four determinations, except for two cases marked. 
The maximum variation was about 2%. The reducing sugars gave well-defined spots in 

5 Endres and Oppelt, Chem. Ber.; 1958, 91, 478. 

* Abdel-Akher and Smith, Nature, 1950, 166, 1037. 

7 Barker and Smith, Chem. and Ind., 1952, 1035. 

® Pascu and Trister, J. Amer. Chem. Soc., 1940, 62, 2301. 


® Lloyd, Nature, 1959, 188, 109. 
10 Turvey and Clancy, Nature, 1959, 188, 537. 
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TABLE 2. Jonophoretic mobilities of sulphated derivatives of D-glucose and D-galactose. 


Me Mgiucuronate 
Borate Phosphate Acetate 
Derivative buffer buffer buffer 
1,2:5,6-Di-O-isopropylidene-p-glucofuranose 3-(barium sulphate) ... 0-84 0-88 * 0-75 
p-Glucose 3-(barium sulphate) 1-20 0-95 0-82 
1,2:3,4-Di-O-isopropylidene-p-galactopyranose 6-(barium sulphate) 0-80 0-86 * 0-78 
p-Galactose 6-(barium sulphate) 1-29 0-90 0-80 
p-Galactose 2-(barium sulphate) 1-32 


* Average of two determinations. 


borate and phosphate buffers, but in acetate buffer there was a tendency to streak. The 
isopropylidene derivatives gave diffused spots or streaks in all three buffers. 


EXPERIMENTAL 


Paper-partition chromatography was done on Whatman No. | filter paper by the descending 
front technique with upper layers of the following (v/v) solvent systems: (1) butan-1l-ol- 
ethanol—water (4: 1:5), (2) butan-l-ol-glacial acetic acid-water (4: 1:5). Solvent (2) was 
boiled under reflux for 1 hr. before use.11 The chromatograms were developed by spraying 
with (A) benzidine trichloroacetate or (B) aniline hydrogen phthalate. Isopropylidene 
derivatives were detected by spraying first with trichloroacetic acid in methanol }* and then 
with spray (B). 

Paper ionophoresis was carried out on Whatman No. | filter paper under potential gradients 
of 25—40 v/cm., with the following buffer solutions: (1), borate buffer (pH 10) [boric acid 
(7-44 g.) dissolved in 0-1N-sodium hydroxide (1 1.)], (2) phosphate buffer (pH 10) [disodium 
hydrogen phosphate (8-905 g.) and sodium hydroxide (0-33-g.) dissolved in water (1 1.)], and 
(3) acetate buffer (pH 4) [0-2n-acetic acid (800 ml.) mixed with 0-2N-sodium acetate (200 ml.)]. 
The papers were developed in the same manner as for chromatography. 

Action of Lithium Aluminium Hydride on 1,2:5,6-Di-O-isopropylidene-p-glucose 3-(Barium 
Sulphate).—To 1,2:5,6-di-O-isopropylidene-p-glucose 3-(barium sulphate) !* (1-87 g.) in dry 
dioxan (90 ml.) was added lithium aluminium hydride (1-87 g.), and the solution was boiled 
under reflux for 25 hr. More lithium aluminium hydride (0-50 g.) was added and the solution 
was boiled under reflux for a further 23 hr. Excess of lithium aluminium hydride was 
decomposed by water, and the solution was acidified with sulphuric acid and then neutralised 
with barium carbonate. The filtered solution was extracted three times with ether. Evapor- 
ation of the combined and dried extracts gave a syrup (0-65 g., 55%), which solidified in two 
days at room temperature. Paper chromatography revealed only one component, with a 
mobility corresponding to that of 1,2:5,6-di-O-isopropylidene-p-glucose. Recrystallisation 
from light petroleum (b. p. 60—80°) gave material (0-48 g.) of m. p. 104°. The mother-liquor 
from this recrystallisation was evaporated to dryness to give a gum, which was hydrolysed 
with 2n-sulphuric acid. Examination of this hydrolysate by paper chromatography indicated 
the presence of D-glucose only. It appears therefore that no deoxy-sugar had been formed. 
The crystalline product was recrystallised once more to give material with m. p. 107°, mixed 
m. p. 108° with 1,2:5,6-di-O-isopropylidene-p-glucose (Found: C, 55-75; H, 7-5. Calc. for 
Cy,gH,O,: C, 55-4; H, 7-7%). 

Action of Lithium Aluminium Hydride on 1,2:3,4-Di-O-isopropylidene-p-galactose 6-(Barium 
Sulphate).—This sulphate ™ (1-59 g.) in dry dioxan (80 ml.) was treated with two portions of 
lithium aluminium hydride (1-59 g. + 0-74 g.) as before. The product, extracted from the 
aqueous solution with chloroform, was obtained as a gum (0-58 g.) that contained no sulphate. 
A small portion of it was hydrolysed and the hydrolysate examined by paper chromatography. 
Only one compound, with a mobility corresponding to that of galactose, was detected. The 


Edington and E. E. Percival, J., 1955, 3554. 
Foster and Hancock, J., 1957, 968. 

E. G. V. Percival, J., 1945, 119. 

E. G. V. Percival and Soutar, J., 1940, 1477. 
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gum was characterised as 1,2:3,4-di-O-isopropylidene-p-galactose by conversion into 1,2:3,4-di- 
Q-isopropylidene-p-galactose 6-acetate, m. p. 106—108° (m. p. given * 109—110°) (Found: 
C, 55°5; H, 7-3. Calc. for C,4H,,0,: C, 55-6; H, 7-3%). 

Action of Lithium Aluminium Hydride on aB-Methyl p-Glucofuranoside 3-(Barium Sulphate). 
—This sulphate ™ (0-59 g.) in dry dioxan (80 ml.) was treated with two portions of lithium 
aluminium hydride (0-57 g. + 0-28 g.) as before. After destruction of the excess of hydride 
the solution was de-ionised with ion-exchange resins. The solvent was evaporated under 
reduced pressure to leave a gum (0-15 g.), which did not solidify. A small portion of it was 
hydrolysed and the hydrolysate examined by paper chromatography. Only one compound, 
with a mobility corresponding to that of glucose, was detected, and no sulphate was detected 
in the hydrolysate. The gum was characterised as «-methyl p-glucofuranoside by the prepar- 
ation from it of the crystalline tetracarbanilate, m. p. 218—221° (Found: C, 63-1; H, 5-0; 
N, 8-4. Calc. for C;,H;,N,O,9: C, 62-6; H, 5-2; N, 835%). A tetracarbanilate prepared from 
a-methyl p-glucofuranoside had the same m. p. and mixed m. p. as this product. 

Preparation of B-Methyl v-Galactopyranoside 2-(Barium Sulphate).—Crude 8-methyl 3,4-0- 
isopropylidene-6-trityl-p-galactopyranoside (1-75 g.), m. p. 135—142°, [a], —16-2° (c 3-4 in 
CHCI,), was dissolved in dry pyridine (15 ml.), and pyridine-sulphur trioxide complex (2:5 g.) 
added. The mixture was kept at room temperature for 2 days, heated to 50—55° for 3} hr., 
and poured into water; a white precipitate was formed. The suspension was neutralised with 
barium carbonate, filtered, and evaporated to dryness under reduced pressure to give a white 
solid (0-25 g.). This product gave a white precipitate with dilute sulphuric acid and also with 
hot dilute hydrochloric acid, showing the presence of both barium and sulphate. It was 
hydrolysed to 8-methyl p-galactopyranoside 2-(barium sulphate) by leaving it in water (25 ml.) 
and 2n-sulphuric acid (5 ml.) at room temperature for 48 hr.; the solution was then neutralised 
with barium carbonate, filtered, and evaporated to dryness under reduced pressure to give a 
white solid (0-18 g.). 

Action of Lithium Aluminium Hydride on B-Methyl p-Galactopyranoside 2-(Barium Sulphate). 
—This sulphate (60 mg.) in dry dioxan (25 ml.) was treated with two portions of lithium 
aluminium hydride (50 mg. + 50 mg.) as before. After destruction of the excess of hydride, the 
solution was de-ionised and evaporated to dryness under reduced pressure to give a solid 
(15 mg.). After recrystallisation from ethanol this had m. p. 170—172° (Found: C, 43-1; H, 
71. Calc. for C,H,,0,: C, 43-4; H, 7:2%), showing it to be 6-methyl p-galactoside. The 
mother-liquor from the recrystallisation was evaporated to dryness, the residue hydrolysed with 
dilute mineral acid, and the hydrolysate examined by paper chromatography. Only one com- 
pound, with a mobility corresponding to that of galactose, could be detected. 

Action of Lithium Aluminium Hydride on «8-Methyl p-Galactoside 6-(Barium Sulphate).—This 
sulphate (0-39 g.) in dry dioxan (70 ml.) was treated with two portions of lithium aluminium 
hydride (0-40 g. + 0-19 g.) as before. After destruction of the excess of hydride the solution was 
de-ionised and evaporated to dryness under reduced pressure to give a gum (0-10 g.). This 
contained no barium and gave no sulphate on hydrolysis. The hydrolysate was examined by 
paper chromatography and the presence of one compound only, with a mobility corresponding 
to that of galactose, was indicated. Attempts to prepare the acetate were unsuccessful. 

Action of Potassium and Sodium Borohydride on 1,2:5,6-Di-O-isopropylidene-p-glucose 3- 
(Barium Sulphate).—A solution of 1,2:5,6-di-O-isopropylidene-p-glucose (0-5 g.) in water (3 ml.) 
was added dropwise to an 8% aqueous solution (3 ml.) of potassium borohydride and the 
mixture was kept at room temperature for 24 hr. The excess of hydride was decomposed with 
2n-sulphuric acid, and the resulting solution neutralised with barium carbonate and evaporated 
to dryness under reduced pressure. The residue was extracted with acetone, and the extract 
was filtered and evaporated to dryness. The product was examined by paper chromatography 
(acid solvent), two well-defined spots being obtained, whose mobilities corresponded one to that 
of the starting material and the other to that of 1,2-O-isopropylidene-p-glucose 3-(barium 
sulphate). This product gave sulphate ions on hydrolysis. The use of larger amounts of 
potassium borohydride at temperatures up to 100° gave similar results. When sodium boro- 
an was used at 100° paper chromatography of the product indicated the presence of 

2-0-isopropylidene-p-glucose 3-(barium sulphate) but no starting material. 

General Conditions for Periodate Oxidations.—All periodate oxidations were carried out in 


18 Hockett, Fletcher, and Ames, J. Amer. Chem. Soc., 1941, 68, 2516. 








5030 Properties of Some Sulphated Derivatives of D-Glucose and D-Galactose. 


the dark. Samples (5 ml.) were removed at intervals for analysis. The periodate remaining 
in the solution was destroyed with sodium arsenite and the excess of arsenite back-titrated with 
iodine. The acid liberated was titrated with 0-01N-sodium hydroxide, to Methyl Red as 
indicator. 

Sugar sulphates are most conveniently prepared and isolated as barium salts but, since 
barium periodate is insoluble, it is necessary to remove barium ions before carrying out periodate 
oxidations. Two methods of doing this were tried. The first was to add a slight excess of 
sodium sulphate to the carbohydrate barium sulphate and carry out the oxidation in the 
presence of the barium sulphate precipitated. The second was to obtain the sodium salt of the 
sugar sulphate by treating the barium salt with a cation-exchange resin and exactly neutralising 
the resulting acid solution with sodium hydroxide. Both methods gave satisfactorily 
reproducible results. Working with the sodium salts is complicated by the fact that they are 
very deliquescent. 

Periodate Oxidations at Room Temperature.—Oxidation of D-glucose 3-(sodum sulphate). (a) 
To a solution of p-glucose 3-(barium sulphate (0-19 g.) in water (5 ml.) was added a slight excess 
of sodium sulphate followed by 0-1mM-sodium metaperiodate (45 ml.). 


PNG MED. . cviinncsadedpindinnercesessanes 0-5 1 
Periodate consumed (mol.) ......... 0-68 0-80 


oc 


4 6 24 30 
1-07 1-25 1-94 2-02 


te 


5 


(b) To a solution of D-glucose 3-(barium sulphate) (0-06 g.) in water (2 ml.) was added a 
slight excess of sodium sulphate followed by 0-1mM-sodium metaperiodate (28 ml.). 


TLR. . secSedlibnigupinkevaseudpessanaeese 0-5 1-5 3 5 24 
Acid liberated (equiv.) ..............2e200e+ 0-09 0-24 0-39 0-43 0-74 


Oxidation of D-galactose 6-(sodium sulphate). (a) To a solution of the sulphate (0-14 g.) in 
water (5 ml.) was added a slight excess of sodium sulphate followed by 0-1mM-sodium meta- 
periodate (45 ml.). 


BO GED . cicsecesvasesscdspeececacscese 0-5 1 2 4 6 24 30 
Periodate consumed (mol.) ......... 2-83 2-84 2-86 2-87 2-87 2-95 3-02 


(b) Toa solution of the sulphate (0-04 g.) in water (2 ml.) was added a slight excess of sodium 
sulphate followed by 0-1m-sodium metaperiodate (23 ml.). 


BD GED. cnccdctendavnledctbscctcvivedcsdiesioscsinseséecsdeene 0-5 2 


5 2 
TREE SG. FHI) dc usccncscrcsascdctscenscsssnssccssesse 1-74 2-34 2-59 


tS > 


‘79 


Periodate Oxidations at 5°.—Oxidation of D-glucose 3-(sodium sulphate). This sulphate 
(0-19 g.) was dissolved in 0-1m-sodium metaperiodate solution (80 ml.) : 


BE TBD. cacczscncarscencccese 0-5 1-5 2-5 4 6 24 30 48 
Periodate consumed (mol.) 0-64 0-76 0-81 0-95 0-99 1-36 1-57 1-95 
Acid liberated (equiv.) ...... 0-06 0-13 0-17 0-24 0-29 0-55 0-65 0-78 


Oxidation of p-galactose 6-(sodium sulphate). This sulphate (0-16 g.) was dissolved in 0-1m- 
sodium metaperiodate solution (85 ml.): 


RL TIED, neunicdacdatestecsces 0-5 l 2 4 6 24 30 48 
Periodate consumed (mol.) 2-17 2-46 2-55 2-65 2-80 2-88 2-91 3-04 
Acid liberated (equiv.) ...... 1-25 1-58 1-85 2-14 2-24 2-47 2-55 


Estimation of sulphate liberated during oxidation of v-glucose 3-(sodium sulphate) and D- 
galactose 6-(sodium sulphate). Sulphate ions produced during the oxidation were estimated by 
precipitation as barium sulphate. Iodate and periodate ions were first removed by addition of 
dilute nitric acid followed by a slight excess of potassium iodide. The iodine produced was 
removed by extraction with chloroform. 

p-Glucose 3-(sodium sulphate (0-15 g.) was dissolved in 0-35m-sodium metaperiodate solution 
(45 ml.). After 7 days no sulphate ions were detected in the solution. 

p-Galactose 6-(sodium sulphate) (0-15 g.) was dissolved in 0-35m-sodium metaperiodate 
(45 ml.). The whole of the sulphate had been liberated as sulphate ions after 48 hr. 
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p-Galactose 6-(sodium sulphate) (0-06 g.) was dissolved in 0-lm-sodium metaperiodate 
(30 ml.). After 48 hr. 57% of the sulphate had been liberated as sulphate. ‘ 


The authors acknowledge with thanks the receipt of a grant towards the cost of materials 
from the Institute of Seaweed Research. 
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974. The Thermal Explosion of Ammonium Perchlorate. 
By A. K. GALwey and P. W. M. JAcoss. 


New measurements of the induction period for the thermal explosion of 
ammonium perchlorate are reported and discussed in terms of the theory of 
self-heating. 


TuE thermal decomposition of ammonium perchlorate is probably unique in the extremely 
wide temperature range over which the reaction can be studied. Pressure-time measure- 
ments have been used to follow the isothermal reaction over the considerable temperature 
interval of 200—440° c.1% The reason for this is that the salt decomposes by two distinct 
mechanisms. At low temperatures, the kinetics may be interpreted in terms of an inter- 
granular reaction * which leaves blocks of loosely attached residue. At high temperatures 
these blocks decompose according to the contracting cube law. The mechanisms of these 
two reactions have been ascribed to electron-transfer * and proton-transfer ? respectively, 
and the activation energies associated with these two processes found to be 32 and 
40 kcal./mole respectively. 

Above 440° the reaction is too fast to be followed manometrically, but after an induction 
period (+) there is a sudden large pressure change which is often accompanied by a flash of 
light. This induction period was measured as a function of temperature with the object 
of determining which of the two chemical processes referred to above is responsible for the 
explosion and of adding generally to our knowledge of the perchlorate decomposition. 
The only previous published measurements of + appear to be from a few runs by Glasner 
and Makovky ° in the course of a study of the decomposition of guanidine perchlorate. 

Induction periods were measured by dropping 50 mg. fragments of pellets of ammonium 
perchlorate into a glass reaction vessel embedded in a heavy copper block surrounded by a 
furnace. Pellets were outgassed before decomposition, but the reaction was carried out 
under 1 atm. of air to suppress sublimation. The reaction has been shown previously ? not 
to be affected by gaseous oxygen up to at least 400°. The results are depicted in Fig. 1 in 
the form of a plot of log + against 1/T (°K). The points appear to lie on two straight lines. 
However, at 490° (the point of inflection) the induction period is reduced to about 30 sec., 
so that the time required to heat the sample to the temperature of the reaction vessel must 
be exerting a considerable effect on the results. It being assumed that heat is transferred 
to the pellet by conduction through the glass, a rough calculation shows that the heat-up 
time (t,) will be of the order of 10 sec. The value of +, required to linearise the plot of 
log (t — t,) against 1/T (°K) was found empirically to be 15 sec., and this was therefore 
taken as the heat-up time. The slope of this plot (line 5) corresponds to an energy of 
activation of 41-5 kcal./mole. 

Logarithmic plots of the rate-constants for the low-temperature and high-temperature 


1 Bircumshaw and Newman, Proc. Roy. Soc., 1954, A, 227, 115; 1955, A, 227, 228. 
? Galwey and Jacobs, J., 1959, 837. 

* Galwey and Jacobs, Proc. Roy. Soc., 1960, A, 264, 455. 

* Galwey and Jacobs, Trans. Faraday Soc., 1959, 55, 1165. 

* Glasner and Makovky, J., 1954, 1606. 
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reactions are shown in Fig. 2 on a scale sufficient to permit extrapolation into the explosion 
region. It is evident that the low-temperature process (despite its lower activation 
energy) still occurs more rapidly than the high-temperature process. Calculation shows 
that the intergranular reaction is 99° complete in times of 0-2—3-5 sec. in the explosion 
range, so that this reaction is clearly not responsible for the explosion, which requires much 
longer times. In contrast, calculations based on the explosion times and the kinetic 
equation * for the high-temperature process, 1 — (1 — «)* = kt, yield values for the 
fractional decomposition « at the instant of explosion of 0-33 and 0-30 respectively at the 
lower and the upper limit of the temperature range over which induction periods were 
measured. This shows that explosion occurs when the residue from the intergranular 
reaction is about one-third decomposed. The activation energy found from Fig. 1 
(41-5 kcal./mole) is in agreement with this conclusion. 

The calculation of induction periods to explosion is a rather intractable task unless 
approximations are made. With the assumptions of uniform temperature and 





Fic. 1. Plots of the logarithm of the induc- 
tion period to explosion of pellets of 
ammonium perchlorate against the 
reciprocal of the absolute temperature. 
(a) log; (6) log (r — 15). (r isin 
seconds.) 


(a) log 7. (6) log(7- 15). 








(a) 120 128 136 144 
(6) 120 128 136 144 


10°/r (x) 


first-order kinetics and the neglect of self-cooling,® the relative excess temperature 
6 = (E/RT,2)(T — T ) obeys the equation 
er eee Sk 8 ee eo, 
where 1/t,, = (QAE/C,RT,?) exp (—E/RT,) and f(@) = exp 0, the exponential approxim- 
ation, or f(6) = 1 + (e — 2)6+ 6, the quadratic approximation. Here 7, is the 
(constant) temperature of the surroundings, Q the heat of reaction, A exp (—E/RT,) the 
rate constant of the reaction, and C, the heat capacity of the reactant. In the adiabatic 
approximation, where self-cooling is neglected, the results of the exponential and the 
quadratic approximation are in good agreement with the solution obtained without ap- 
proximating the term exp (—E/RT).° The time (¢,) taken for 6 to reach a specified value 
n is obtained by integrating (1) to yield 
eee 8s ee eee ee by wo ee 
where g(”) = 1 — e™ for the exponential approximation, or 
(Qn + 7) : 
Lt Bie 1 7s — 0-416! 
g(m) = 1-112 tan ( 1-807 | 0-4163 
for the quadratic approximation. In either case, ¢, increases relatively slowly with n for 


* Gray and Harper, Trans. Faraday Soc., 1959, 55, 581. 
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n> 1, so it is convenient to calculate approximate induction periods from the simple 
relation ; 
Ree gyinscoasnst ocke WON Uschekongyy 


Actually, for n = 1-5 (the right order for the experimental value) g(”) = 0-777 for the 
exponential and 0-904 for the quadratic approximation. 

The results of the calculation of induction periods from equation (3) are compared with 
the experimental results in Fig. 3. The value of 312 cal. g.1 was used for Q and 
40 cal. deg. mole for C,. The results are rather sensitive to the value of E. The value 
obtained from the isothermal kinetics (Fig. 2) is 40-1 kcal. mole, and that from the plot 
of the experimental data in the form log (+/74?) versus 1/T, is 41-1 kcal. mole+. (The 
slight difference between this value and that obtained from Fig. 1 is due to the T,? term.) 


Fic. 2. Arrhenius plots for the isothermal 
decomposition of ammonium perchlor- 
ate extrapolated into the temperature 
region (shown bounded by two vertical 
dotted lines) in which the thermal 
explosion was studied. (a) Inter- Fic. 3. Comparison between Arrhenius plots for 
granular reaction. (b) Complete de- the experimental induction periods and those 
composition. calculated from the theory given in the text 
(equation 3). (a) Experimental results; (b) 
E = 41-1 cal. mole; (c) E = 40-1 cal. mole. 
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Both values have been used for the calculation. It is evident that the results of this 
calculation are much shorter than the experimental values for induction periods, the value 
of t/t, being about 2. This discrepancy is unlikely to be made good by corrections for 
self-cooling (which are readily applied with the quadratic approximation ®) nor is it due to 
the use of the exponential or quadratic approximations which are good for the required 
range of 8. The assumption of first-order kinetics may cause serious errors in some solid- 
state reactions, but with ammonium perchlorate, the time required for the first process is 
short (although not negligible) and after this, a deceleratory process obeying the equation: 
1 — (1 — a)t = &t, sets in. The first 25% of the process is virtually linear, as is also true 
for the first-order law. 

The major difficulty in calculating induction periods for thermal explosions from iso- 
thermal kinetic data is thus probably the rather large errors normally inherent in the 
determination of E and A. 


IMPERIAL COLLEGE, LONDON, S.W.7. [Received, May 16th, 1960.) 
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975. Synthesis and Stereochemistry of Heterocyclic Phosphorus Com- 
pounds. Part I. Preparation of (+)- and (-—)-10-p-Dimethyl- 
aminophenyl-9,10-dihydro-9-aza-10-phosphaphenanthrene. 

By I. G. M. CAMPBELL and J. K. Way. 


The synthesis of a series of 10-aryl-9,10-dihydro-9-aza-10-phospha- 
phenanthrenes and their oxides is described. The oxide of the 10-p-di- 
methylaminophosphine has been resolved into (+)- and (—)-forms by 
crystallisation of the camphor-10-sulphonates. Reduction of the (+)- and 
of the (—)-oxide with lithium aluminium hydride gave the (—)- and the 
(+)-phosphine respectively. The active phosphines possess considerable 
optical stability but are too susceptible to atmospheric oxidation to be 
suitable for racemisation studies. The configuration of the molecule is 
discussed and the main infrared absorption bands of the compounds are 
recorded. 


Four covalent phosphorus compounds of several different types have recently been 
isolated in stable optically active forms,! but no compounds in which phosphorus occurs 
in the 3-covalent state have been resolved. Calculations made by Weston ? on the rate 
of “‘ racemisation”’ of trimethylphosphine (i.e., inversion of the pyramidal molecule) 
indicate a “‘ half-life ”’ of two hours at 7°, so that successful optical resolution of a simple 
phosphine containing three different groups seems unlikely. However, since enantiomers 
of tervalent arsenic and antimony compounds in which the metalloid atom is present in 
a heterocyclic ring have proved unexpectedly stable, we decided to attempt the synthesis 
and resolution of similar tervalent phosphorus compounds. 

The first compound investigated, 2-p-dimethylaminophenyl-5-methyl-1,3-dithia-2- 
phosphaindane (I), was readily obtained in good yield by the route shown. Unfortunately, 
the pale yellow compound, m. p. 125—126°, failed to form satisfactory salts with tar- 
taric, dibenzoyltartaric, or camphorsulphonic acid, and attempted resolution through a 
quaternary ammonium salt was precluded because the monomethiodide obtained was 
unstable and may have been the phosphonium salt, as in the case of 1,4-diphenylhexa- 
hydro-1 ,4-azaphosphorine.* 


Me SH , Me m 
+ Cl,P NMe, —_—_—_—_ P= NMe, 
SH sf 
(I) 


i, Et,O-pyridine. 


A promising approach to another heterocyclic type was suggested by the relatively 
simple synthesis of the azaboraphenanthrenes,5 and Professor Dewar’s statement ® that 
analogous phosphorus compounds might be obtainable, encouraged us to attempt the 
synthesis of 10-aryl-9,10-dihydro-9-aza-10-phosphaphenanthrenes (ITI). 

Interaction of phosphorus trichloride with 2-amino- and with 2-amino-4-methyl- 
biphenyl and treatment of the products with aluminium chloride gave cyclic chloro- 
phosphines (II) which were too sensitive to moisture to be readily isolated in a pure state. 
The crude compounds were therefore arylated directly by means of an aryl-lithium or 


1 Green and Hudson, J., 1958, 3129, and refs. cited therein; Aaron, Shryne, and Miller, J. Amer. 
Chem. Soc., 1958, 80, 107; Aaron, Braun, Shryne, Frack, Smith, Uyeda, and Miller, ibid., 1960, 82, 
596; Kumli, McEwan, and Van der Werf, ibid., 1959, 81, 248, 3805; Hilgetag and Lehmann, /. prakt. 
Chem., 1958, 8, 224; 1959, 9, 3. 

2 Weston, J. Amer. Chem. Soc., 1954, 76, 2645. 

* Campbell and Morrill, J., 1955, 1662; Campbell and Poller, J., 1956, 1195. 

* Mann and Millar, J., 1952, 3039. 

* Dewar, Kubba, and Pettit, /., 1958, 3073. 

* In discussion at the Kekulé Symposium, London, 1958. 
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Grignard reagent, and the azaphosphaphenanthrenes (III) were obtained in yields ranging 
from 5 to 25%. The low yields were undoubtedly due, in part, to losses occurring in 
separating the cyclic chlorophosphines (II) from aluminium chloride by formation of, and 
filtration from, the AICIl,-POCI, complex. Purification of the crude products entailed 
further loss because treatment with charcoal and several crystallisations were required to 
remove resinous by-products. The properties of the phosphines are listed in Table 1. 


TABLE 1. 10-Aryl-9,10-dihydro-9-aza-10-phosphaphenanthrenes (III). 
Yield Found (%) Required (%) 
Compound (III) M. p. (%) H N Formula Cc 
R=R’=H 181° ll 5 
R=Me, R’=H ... 125—128 25 
R=H,R’=Me ... 135—138 5 
R=H,R’=Br ... J45—147 9 
R — H, R’ = NMe, 148—153* 23 75:3 CapH,yN2P 
* M. p. 158—160° (sealed tube under nitrogen). 


. 
So 


4-9 
4-9 


I@ ~1 +1 +1 
nS © & & © 
© or-3 bo 


to O-1G 0 
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‘9 
0. 
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TABLE 2. 10-Aryl-9,10-dihydro-9-aza-10-phosphaphenanthrene 10-oxides (IV). 
Found (%) Required (% 
Compound (IV) M. p. Solvent y ), ee | Formula Cc 
R=R’=-H 289—-290° EtOH ‘8 49 46 C,H,NOP 
R = Me, R’ =H ... 246—248 EtOAc ‘7 53 475 CyH,NOP 
R = H, R’ = Me ... 232—235 EtOAc 0 475 C\,H NOP 7 
R=H, R’=Br ... 223—226 C,H, 58-5 3-7 38 C,,H,,BrNOP 58: 
R =H, R’ = NMe, 258—260 EtOAc-EtOH 71: ‘9 85 CyHyN,OP 71: 


eo) 
ae 


2 Or 
~“ICl ee Ww @ 
OP C2 i oe 
Dan @® 


Like simple aromatic phosphines, the members of the group were stable in air but were 
readily oxidised by hydrogen peroxide in ethanol at room temperature. Details of the 
oxides (IV) obtained are given in Table 2. Hydrolysis proved that the heterocyclic ring 
in the oxide (IV; R = R’ = H) had the structure of an internal amide of a phosphinic acid. 
The nitrogen—phosphorus bond was stable to hot dilute alkali but was split by boiling with 
5n-hydrochloric acid to give the hydrochloride of (2’-amino-2-biphenylyl)phenylphosphinic 
acid. The ease of ring closure and the stability of the ring system were admirably 
demonstrated by the fission product which lost water and hydrochloric acid at its melting 
point, 244°, and re-formed the azaphosphine oxide which melted at 290°. 


ueettin op 
ae HN-P._ (Il) 
iii 


QO 


HN ox Peo 


R 


(IV) 
R’ 
Reagents: i, PCly-AICls. ii, ArLi. iii, HyO.-EtOH. 


Further evidence for the structure of the azaphosphines was obtained from infrared 
spectra. The main absorption bands of the phosphines and their oxides are listed in 
Table 3 and are diagnostic of the features of the molecule. The P-Ar, P=O, and P-NH 
peaks occur at frequencies close to those assigned to them by Bellamy ? and by Corbridge.® 


? Bellamy, ‘“‘ The Infra-red Spectra of Complex Molecules,”” Methuen, London, 1954. 
§ Corbridge, J. Appl. Chem., 1956, 6, 456. 
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In the phosphines the P-NH absorption appears as a broad band from 3460 to 3370 cm.*t 
and in the oxides from 3220 to 3070 cm.!. This shift of 270—300 cm.* is consistent 
throughout the series and undoubtedly indicates hydrogen bonding in the oxides. The 
spectrum of the hydrochloride of (2’-amino-2-biphenylyl)phenylphosphinic acid is included 
at the end of the Table and shows the characteristic trio of broad shallow bands ascribed to 
the P(‘O)-OH group.® 


Attempts to resolve the phosphine (IIJ; R= H, R’ = NMe,) were unsuccessful. 


TABLE 3. Main infrared absorption bands of phosphines (111) and oxides (IV) (cm."). 


Compounds (IIT) 
R = R’=H 


R = Me, R’ = H 
R = H, R’ = Br 
R = H, R’ = NMe, 


(—)-Form 


Compounds (IV) 
R= R’=H 


R = Me, R’ = H 

R = H, R’ = NMe, 

(—)-Form (R = H, 
R’ = NMe,) 


(hydrate) 
(2’-Amino-2-biphenyl- 


3380b, 1600, 1445s, 1430, 1280, 1260, 1160w, 1125w, 900s, 860, 760s, 740s, 725s, 
705s 

3420b, 1615, 1585w, 1425s, 1285, 1240, 1175, 1135, 970, 875, 845, 820, 775s, 
745s, 720, 700s, 680 

3430b, 1605, 1585w, 1430, 1315, 1275, 1235, 1165, 1125, 1070, 1010s, 905s, 810s, 
755s, 720s 

3410b, 1595s, 1510, 1445s, 1320, 1275, 1235, 1200w, 1125, 1095s, 1000, 950w, 
890s, 860, 810, 775w, 760, 750s, 720 

3410b, 1600s, 1510, 1440s, 1320w, 1275, 1230w, 1200w, 1125, 1095s, 1000w, 
950w, 895, 860w, 805, 775, 750s, 720 


3110b, 1610, 1595, 1560, 1480, 1440s, 1340, 1285, 1235w, 1200s, 1145, 1125, 
1010w, 955s, 870w, 775, 760, 750s, 720s, 690 

3160b, 1620s, 1595, 1560, 1530, 1435s, 1335w, 1310w, 1290w, 1270w, 1245w, 
1200s, 1145, 1120s, 1090s, 1030, 975, 885s, 805, 765s, 750s, 720s, 695s 

3110b, 1600s, 1565w, 1575, 1480s, 1435s, 1365s, 1290, 1270w, 1200s, 1125s, 
1085, 1065, 1000, 945s, 870w, 815s, 775s, 755, 720, 690 

3400b, 3110bw, 2350b, 1605s, 1565w, 1520, 1480s, 1440s, 1350w, 1285, 1270, 
1230, 1165s, 1150s, 1120s, 1085w, 1065w, 1010, 955s, 870w, 805, 780s, 755s, 
720, 690 

2640b, 2200b, 2080b, 1595, 1570, 1530, 1500, 1445s, 1315w, 1190, 1165s, 1150s, 





yl)phenylphosphinic 1140, 1120, 1100, 950s, 775, 765s, 750, 740, 720, 690s 
acid 


b = broad band, mid-point; s = strong; w = weak; remainder medium. Nujol peaks: 2950b, 
2890b, 1465, 1380. 


Salts prepared from a selection of optically active acids separated as gums, and in 
encouraging these to crystallise it became obvious that this phosphine, in contrast to the 
other members of the group, was sensitive to atmospheric oxidation when in solution. 
All the crystalline fractions which were isolated, after periods ranging from three to ten 
days, proved to be inactive oxide. On the other hand, optical resolution of the oxide 
(IV; R =H, R’ = NMe,) by crystallisation of the (+)-camphor-10-sulphonate presented 
no difficulty except that the relative solubilities of the diastereoisomers prevented the 
isolation of both in optically pure condition. The (—)-oxide formed the less soluble salt 
with (+-)-camphor-10-sulphonic acid and by repeating the resolution with the (—)-acid, 
salts with {«],, —67-9° and +67-4° were obtained. 

The active oxides, m. p. 135—136° (decomp. at 145—150°), [«J,, +152°, regenerated 
from these salts, crystallised with one molecule of water and were unchanged in melting 
point and rotation after recrystallisation from ethyl acetate. Hydrated phosphine oxides 
are not uncommon and their structure is of some interest. Halmann and Pinchas ! have 
examined triphenylphosphine oxide hydrate and conclude that the compound is a mole- 
cular complex and not the dihydroxide, Ph,P(OH),, both from spectral evidence and from 
lack of #80 exchange. In the active azaphosphine oxides, the water molecule appears 
to be hydrogen bonded to the P=O group, for the characteristic absorption which appears 
at 1200 cm. in the unhydrated (+-)-oxide is shifted to 1165 cm.* in the hydrates, and the 
broad P-NH band, found at 3100 cm.* in the (+)-oxide, is much reduced in the (+-)- and 
the (—)-oxide hydrate, but an absorption band occurs at 3400 cm.-, the position at which 


* Braunholtz, Hall, Mann, and Sheppard, /., 1959, 868. 
10 Halmann and Pinchas, J., 1958, 3264. 
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the phosphine absorbs. This could mean that the usual intermolecular hydrogen bonding 
in the (-)-oxide cannot occur in the hydrate, but it is also possible that the absorption 
at 3400 cm. is that of the hydrogen-bonded water molecule. A shallow band, not present 
in the spectra of the oxide, between 2390 and 2310 cm.* is shown by the hydrate and may 
indicate a P-OH bond.® 

Reduction of the (+)-oxide with lithium aluminium hydride in di-n-butyl ether and 
benzene at 80°18 gave the phosphine, m. p. 143—148°, with an initial rotation of [«j,”4 
—128° (in ethyl acetate) which fell to [«J,74 —97° in 4 hr., in the course of which the 
solution became cloudy and had to be filtered. Thereafter the rotation remained constant. 
Reduction of the (—)-oxide provided a phosphine, m. p. 154—156°, with [oJ,”4 +141°, 
which behaved similarly, the initial rotation falling to {«j,”4 +114° in 5 hours. That the 
(—)-phosphine was contaminated with oxide was shown by analysis (carbon, hydrogen, 
and nitrogen values were slightly low), and by a small P=O peak in the infrared spectrum. 
Consequently a second specimen of the phosphine was prepared; this had [2,24 —138° in 
ethyl acetate and [a],!” —221° in chloroform. In the latter solvent the initial rotation, 
a,'* —1-02°, fell slowly and had reached «,! +0-20° after 18 days at 19—21°. Analysis 
of the solid regained from this solution indicated it to be mainly oxide. In peroxide-free 
di-n-butyl ether this phosphine had {aJ,2® —120°, and when this solution was boiled for 
30 min. and cooled a gel was formed. The filtered solution was dextrorotatory and 
trituration of the gel with ethyl acetate gave oxide which was essentially optically pure 
((,2° +-150-4°). : 

Finally, in order to discover whether the fall in rotation in ethyl acetate was the result 
of racemisation as well as oxidation, a solution, having initially [oJ,?° —138° and finally 
(a), —112° (after 15 hr.), was shaken with hydrogen peroxide and then re-examined 
polarimetrically. It had [a], +129-5°, calculated on the basis of complete conversion 
of the phosphine into hydrated oxide. This is sufficiently close to the rotation of the pure 
oxide, [aJ,,2° +-136-7° in ethyl acetate, to confirm that racemisation of the phosphine had 
not occurred to any extent. Further, in the course of their preparation the active 
phosphines withstand heating in boiling benzene for 4—6 hr., so that, in the presence 
of excess of lithium aluminium hydride, they undoubtedly possess considerable optical 
stability. 

This optical stability is greater than might be expected for a tervalent phosphorus 
compound if Weston’s estimate ? is valid and, indeed, another possible cause of activity 
must be considered. Models™ indicate that in this molecule the nitrogen—phosphorus 
ring is slightly puckered and the two benzene rings of the biphenyl system are at an angle 
of approximately 20° to each other. If this system is rigid, the phosphine possesses 
molecular dissymmetry as well as an asymmetric phosphorus atom and consequently 
should exist in two racemic modifications. No evidence of this has been obtained. Five 
different phosphines have been prepared and the product was homogeneous in every case, 
but the second isomer may have escaped detection in the resinous by-products. However, 
optical activity has not been observed in “‘ skew ”’ molecules in which the biphenyl system 
is bridged by two atoms in the 2,2’-positions in the absence of restricting groups in the 
6- and 6’-positions. For example, resolution of 9,10-dihydrophenanthrene-2-carboxylic 
acid has not been achieved !” although both racemates and three of the four optical isomers 
of 9-dimethylamino-9,10-dihydro-4,5-dimethylphenanthrene have been isolated. Here, 
and in the rather similar case of the active 4,6,4’,6’-tetramethylbiphenyl-2,2’-thiol- 
sulphonates,* the benzene rings of the biphenyl residue are held in the skew position 
by the 6,6’-methyl groups. Even biphenyls having a three-carbon-atom bridge and a 


1 Courtauld models; the phosphorus atom has valency bonds at 109-5° so that the model is not 
strictly accurate. 
Harris, ‘‘ Progress in Stereochemistry,’’ Butterworth, London, 1958, Vol. II, p. 181. 
18 Wittig and Zimmermann, Chem. Ber., 1953, 86, 629. 
14 Armarego and Turner, J., 1956, 3668. 
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correspondingly larger angle between the benzene rings resist optical resolution when 
restricting groups are absent. In fact only one compound without such substituents 
has been obtained in active form,!* namely (V), in the (-+-)-form, and this racemised 
readily with a half-life of 80 min. at 32-5° in cyclohexane. 


Qo 


H,C CH P 


\c7 : 
(V)  EO,C° *CO,Et O (VI) 


Consequently we consider that the stability of the enantiomeric azaphosphaphen- 
anthrenes results from the pyramidal configuration of the phosphorus atom rather than 
from the skew arrangement of the collinear benzene rings. Proof of this contention is 
certainly far from complete, but the experimental difficulties arising from the sensitivity 
of the compound to atmospheric oxidation make it unsuitable for further work. We hope 
that substituted phosphafluorenes (VI) in which the possibility of a configuration other 
than pyramidal is unlikely will prove more suitable for stereochemical study. 


EXPERIMENTAL 


Rotations were measured for absolute EtOH solutions in 2 dm. tubes (c 0-25—0-5) at room 
temperature unless otherwise stated. Infrared measurements were taken for Nujol mulls on 
the Unicam S.P. 100. 

2-p-Dimethylaminophenyl -5-methyl-1,3-dithia -2-phosphaindane (1).—Toluene-3,4-dithiol 
(5 g.) and pyridine (1 ml.) were dissolved together in dry ether (100 ml.), and p-dimethylamino- 
phenylphosphonous dichloride ? (7-2 g.) was added with stirring. Pyridine hydrochloride 
separated immediately and was rapidly filtered off. The etlter solution deposited pale yellow 
needles, which were recrystallised from ether, giving the phosphaindane (I), m. p. 125—126° 
(4 g., 41%) (Found: C, 59-4; H, 5-5. C,,;H,,NPS, requires C, 59-1; H, 5-3%). 

A mixture of the phosphine (0-5 g.) in dry benzene (25 ml.) and excess of methyl iodide 
(10 ml.) was kept at 50° for 3 hr. and set aside overnight. The solid which separated recrystal- 
lised from ethanol to give a monomethiodide, m. p. 125-5—127° (decomp.) (0-2 g.) (Found: 
C, 42-5; H, 4:3. C,,H,INPS, requires C, 42-9; H, 43%). This compound decomposed when 
kept in a desiccator. 

Attempts to prepare analogous compounds by interaction of toluene-3,4-dithiol with phenyl- 
or with ~-bromophenyl-phosphonous dichloride under similar conditions failed. In the first 
case, phenylphosphonic acid, m. p. 158—159°, was the sole product identified. In the second 
case oxidation did not occur and the product was p-bromophenylphosphonous acid, m. p. 143°. 

10-Aryl-9,10-dihydro-9-aza-10-phosphaphenanthrenes (III) (cf. ref. 5).—2-Aminobiphenyl 
(8-5 g., 0-05 mole) and phosphorus trichloride (70 ml.) were boiled together with stirring and 
exclusion of moisture for 8 hr. A precipitate of amine hydrochloride separated almost 
immediately but redissolved after 5 hr. The dark sticky mass (presumably of Ar-NH-PCI,) 
which remained after removal of excess of phosphorus trichloride in vacuo was cyclised by 
heating it at 160—165° with aluminium chloride (0-5 g.) for 6 hr. The product when cold was 
dissolved in dry benzene, and phosphorus oxychloride (5 ml.) was added. This mixture was 
boiled under reflux for 0-5 hr. When it cooled, the aluminium chloride—phosphorus oxychloride 
complex separated and was removed by rapid filtration through glass wool. The clear solution 
was evaporated to dryness in vacuo, giving a pale yellow fuming powder (4-2 g.), m. p. 110—115°. 
No attempt was made to purify this crude 10-chloro-9,10-dihydro-9-aza-10-phosphaphen- 
anthrene as it was very rapidly hydrolysed by air; it was converted immediately into the 
required 10-aryl derivative. 

9,10-Dihydro-10-phenyl-9-aza-10-phosphaphenanthrene.—The crude _ 10-chloro-compound, 

15 Turner ef al., J., 1952, 854; 1955, 2708; Bell, J., 1952, 1527. 

16 Iffland and Siegel, J. Amer. Chem. Soc., 1958, 80, 1947. 


17 Michaelis and Schenk, Ber., 1888, 21, 1497. 
18 Horner, Hoffmann, and Beck, Chem. Ber., 1958, 91, 1583. 
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obtained from 0-05 mole of amine, was dissolved in dry benzene (120 ml.), a stream of nitrogen 
was led in, and phenyl-lithium prepared from bromobenzene (16-2 g.) and lithium (1-5 g.) in 
ether (100 ml.) was added in 15 min. The mixture was boiled for 1 hr., cooled, and poured 
into ice-water. The organic layer was separated, dried, and evaporated to 50—60 ml.; colour- 
less needles that separated (2-9 g.) had m. p. 175—178°. Crystallisation (thrice) from benzene 
gave 9,10-dihydro-10-phenyl-9-aza-10-phosphaphenanthrene (1-5 g.), m. p. 180—181° (Found: 
C, 78-2; H, 5-2. C,,H,,NP requires C, 78-5; H, 5-1%). Methylation in benzene with methyl 
iodide at room temperature gave the methylphosphine methiodide, m. p. 215-5—216-5° (decomp.) 
(after crystallisation from ethanol) (Found: C, 55-6; H, 44; N, 3:1. C,ygH, INP requires 
C, 55:7; H, 4-4; N, 3-25%). 

The compounds listed in Table 1 were prepared similarly except that the p-bromo-isomer 
was obtained from the cyclic chloride by interaction with the mono-Grignard reagent from 
p-dibromobenzene. They were crystallised from ethanol or ethanol-ethyl acetate after being 
boiled with charcoal. Considerable mechanical loss occurred at this stage, but treatment with 
charcoal proved essential; without it several of the compounds failed to crystallise. 

10-Aryl-9,10-dihydro-9-aza-10-phosphaphenanthrene 10-Oxides (IV).—The oxides were 
obtained from the pure phosphines, in almost quantitative yield, or from the crude products 
of the arylation reaction, by addition of hydrogen peroxide (100-vol.) to a solution in ethanol 
or ethanol-ethyl acetate at room temperature, until a faint turbidity appeared. After being 
chilled overnight, the oxides were filtered off and recrystallised from the solvents stated in Table 2. 

Hydrolysis of the Phosphine Oxide (IV; R = R’ = H).—The oxide was heated with 5n- 
hydrochloric acid for 10 hr. and the solid which separated on cooling was recrystallised from 
4n-hydrochloric acid, giving (2’-amino-2-biphenylyl)phenylphosphinic acid hydrochloride, m. p. 
244° (decomp.) (Found: C, 62-6; H, 4:7; N, 4-2. C,,H,,CINO,P requires C, 62-5; H, 5-0; N, 
41%). After melting, the compound solidified and remelted at 290°, either alone or mixed 
with the cyclic oxide. 

Attempted Oxidation of 9,10-Dihydro-7-methyl-9-aza-10-phosphaphenanthrene 10-Oxide.— 
The oxide (IV; R = Me, R’ = H) (0-45 g.) in pyridine (3 ml.) and water (3-5 ml.) was heated 
in a water-bath, and potassium permanganate (0-9 g.) was added during lhr. The mixture was 
heated for 3 hr., steam-distilled to remove pyridine, and filtered from manganese dioxide. 
The filtrate gave no identifiable product and from the manganese dioxide fraction unchanged 
oxide (0-25 g.) was obtained. 

Attempted Optical Resolution of the Phosphine (III; R = H, R’ = NMe,).—The phosphine 
(0-4 g.) and (+)-camphor-10-sulphonic acid (0-3 g.) were dissolved together in warm ethanol 
(5 ml.). No crystalline salt separated and addition of ether precipitated a gum. The solvents 
were removed in vacuo and the residue was dissolved in aqueous ethanol and set aside for 
several days. The solid which separated (0-16 g.) had m. p. 248—260° and was found to be 
the oxide (IV; R = H, R’ = NMe,). Similar results were obtained from using tartaric and 
dibenzoyltartaric acid. 

Optical Resolution of 10-p-Dimethylaminophenyl-9-aza-10-phosphaphenanthrene 10-Oxide.— 
The base (3-3 g.) and (-+-)-camphor-10-sulphonic acid (2-35 g.) were dissolved together in ethanol 
(20 ml.) and ethyl acetate (40 ml.) at 75°. The first fraction of salt (3-67 g.), collected after 
24 hr., had m. p. 187—195°, [aj], +11-7°. Evaporation of the mother-liquor to 15 ml. gave a 
second fraction (1-2 g.) after 24 hr. that had m. p. 210—212°, [aJ,, +17-8°, but further evaporation 
resulted in the separation of free (--)-base, m. p. 253—260° (0-25 g.). No further solid could 
be obtained from the residues. 

The first fraction was extracted with boiling ethyl acetate (2 x 30 ml.), and the residue 
(2-85 g.) found to have [a],, 0°. The salt which crystallised from the evaporated extract (0-52 g.) 
had [a], +58-5°. The inactive fraction was crystallised thrice from ethanol-ethyl acetate 
(1 : 2) to give the (+)-acid—(—)-base salt, m. p. 203—205°, {a],, —67-9° (0-45 g.) (Found: C, 63-4; 
H, 6-5; N, 53. C,)H,gN,OP,C,,.H,,0,S requires C, 63-6; H, 6-2; N, 50%). Attempts to 
obtain the more soluble salt in optically pure condition failed, and solutions became brown 
when kept. The most dextrorotatory fraction obtained (0-52 g.) had [a], +58-5° and afforded 
the oxide with {«],, +80-7° (0-31 g.). Crystallisation of this from ethyl acetate gave oxide, 
(a],, +127-0° (0-16 g.), and a second crystallisation raised the rotation to [a], +150-8° + 1-2° 
(0-07 g.). 

Optically impure (+-)-oxide, [«],, +24-0° (1-6 g.), regained from the resolution, was converted 
into the (—)-camphor-10-sulphonate, but repeated crystallisation of the first fraction of salt 
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(2-1 g.), [a], +3-6°, failed to yield the optically pure (—)-acid—(+-)-base salt. Crystallisation 
was slow and erratic, apparently because (—)-acid (+)-oxide, [a], —17-8°, tended to separate, 

To obtain the (+)-isomer, the resolution was repeated with (+)-oxide (3-3 g.) and (—). 
camphor-10-sulphonic acid (2-35 g.), dissolved in ethanol (15 ml.) and ethyl acetate (25 m1). 
Three fractions of salt were separated; the first, 2-4 g., [a], + 16-0°, was filtered off after 3 hr.; 
the second (1-8 g.), [a], —39-9°, after evaporation to 15 ml.; and the third, 0-5 g., [a], —51-1°, 
after concentration to 5 ml. and addition of ethyl acetate (5 ml.). Again the last fraction to 
separate was largely oxide, m. p. 250—260°. Three crystallisations of the first fraction from 
the minimum volume of ethanol gave (—)-acid—(+-)-base salt (0-37 g.), (a), +67-7° (Found; 
C, 63-7; H, 6-2; N, 49%). 

Again it proved impossible to isolate the (—)-acid—(—)-base salt in optically pure condition 
though a fraction (0-13 g.), [a], —81-7°, was obtained. The pure salt was prepared by mixing 
equivalent quantities of the components in ethanol (20 ml.). The specific rotation of this 
solution was [a],, —104-3° + 1-7°. Evaporation of the solvent gave a syrup which crystallised 
on trituration with ether. The salt had m. p. 188—190° (Found: C, 63-3; H, 6-2%). 

Isolation of the (+-)- and the (—)-oxide. The (+)-acid—(—)-base salt (0-45 g.) was dissolved 
in warm ethanol (10 ml.), cooled to —10°, and decomposed with 0-5n-ammonia (15 ml.), anda 
little water was added. The finely crystalline precipitate was filtered off after 2 hr. at room 
temperature. The (—)-oxide (0-28 g.) melted at 135—136°, but did not become clear, and at 
145—148° became clear and decomposed. It had [a],2* —152-6° + 1-2°, and was unchanged 
in rotation after 4 days at 22° and after being heated in a sealed tube for 3 hr. at 100° (Found: 
C, 68-2; H, 5-8; N, 7-9. Cy9H,N,OP requires C, 71-8; H, 5-7; N, 8-4. C,9H,,N,OP,H,O 
requires C, 68-2; H, 6-0; N, 7-95%). 

The (—)-acid—(+-)-base salt (0-58 g.) was decomposed in the same way and gave the (+)- 
oxide (0-34 g.), m. p. 135—136°, decomp. at 144—148°, [a],?4 +152-8° + 1-2°, unchanged on 
crystallisation from ethyl acetate (Found: C, 68-4; H, 6-1%). 

Reduction of the Optically Active Oxides (cf. ref. 18).—Lithium aluminium hydride (0-15 g.) 
was suspended in di-n-butyl ether (4-5 ml.) and benzene (10 ml.) at water-bath temperature 
and the (+-)-oxide (0-2 g.) was added in small portions during 45 min. The mixture was heated 
for 6—7 hr., cooled, and poured into ice-water. The aqueous layer was separated, and the 
organic layer was filtered and evaporated till only dibutyl ether remained. The product began 
to crystallise from the ether almost immediately. It was redissolved by addition of hot benzene 
(5 ml.) and allowed to crystallise. The first fraction of crystals (20 mg.) had m. p. 143—145°. 

The solvent was evaporated to 3 ml. and, on chilling, the main product separated (63 mg.), 
having m. p. 143—148°, [a},,** —128-0° (c 0-2265 in EtOAc) (Found: C, 74-7; H, 5-6; N, 8-5. 
CyH,,N,P requires C, 75-5; H, 6-0; N, 88%). The rotation, «7! —0-58°, fell to a,” 
—0-44° in 4-5 hr., during which the solution became cloudy and was filtered. Thereafter the 
rotation remained constant for 5 days. Evaporation of the ethyl acetate in vacuo left a sticky 
residue, and solid obtained from this appeared to be oxide (Found: C, 71-4; H, 6-4%). 

The reduction was repeated with the (—)-oxide (0-2 g.) under the same conditions, but the 
period of heating was reduced to 4 hr. after addition of the oxide as a suspension in benzene. 
Removal of benzene (7 ml.) and chilling gave a first fraction of needles (41 mg.) which proved 
to be the oxide, {a),,2 —152-4°. When the residual benzene was removed the phosphine (81 mg.) 
separated from the butyl ether. This specimen had m. p. 154—156°, [a),7* +141-6° + 2-3° 
(c 0-219 in EtOAc) (Found: C, 75-7; H, 5-8; N, 87%); it behaved in the same way as the 
(—)-phosphine. The initial rotation, «,*" +-0-62°, fell to «,?4 +-0-50° in 5 hr. and again filtration 
was necessary. 

A second reduction of the (+)-oxide (0-28 g.) gave the (—)-phosphine (0-15 g.), m. p. 153— 
157°, {a),** —138-6° + 2-2° (c 0-225 in EtOAc) (Found: C, 75-3; H, 6-2%). This specimen 
(46 mg.) was dissolved in chloroform (20 ml.) and had «,,*° — 1-02°, [a),2° —221-7°. The rotation 
dropped slowly at room temperature (19—21°) and after 18 days had reached a,” +0-20° 
indicating oxidation. In this case filtration was not necessary (the oxide is very soluble in 
chloroform). Solid isolated from this solution had C, 69-4; H, 6-3%. 

A solution of the phosphine in di-n-butyl ether (freed from peroxides) {{a),1* —120-6° 
(¢ 0-228)} was rapidly heated to the b. p., held there for 30 min., and cooled rapidly to 19°. 
The solution set to a gel. The filtered solution had a,” +0-10°. The gel was triturated with 
ethyl acetate, and the crystals obtained (33 mg.) had m. p. 148—156°, [a]p*® + 150-4° + 2° 
(c 1-138 in EtOH) (Found: C, 68-5; H, 6-2%). 
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A solution of the phosphine {{a],,?® —138-1° (c 0-143 in EtOAc)} was kept till the rotation 
had dropped to [aj,2® —112°. It was then shaken with hydrogen peroxide (100-vol.; 5 ml.) 
and water (5 ml.) for 10 min. After being dried (Na,SO,), the solution had «,*° +0-41°, which 
represents [a],,*° + 129-5° if conversion into hydrated oxide is complete. {A specimen of the pure 
(+)-oxide in ethyl acetate (c 0-1755) had [a], +136-7°.} Oxide regained from this solution had 
m. p. 134—138° (decomp. at 150°) (Found: C, 68-0; H, 6-0%). 


The authors thank the Chemical Society and Imperial Chemical Industries Limited for 
financial support. J. K. Way is indebted to the D.S.I.R. for a maintenance grant. 


THE UNIVERSITY, SOUTHAMPTON. [Received, March 31st, 1960.]} 


976. The Synthesis of 9-Glycitylpurines, 3-Glycityl-[1,2,3]-triazolo[d]- 
pyrimidines, 8-Glycitylpteridines, and 10-Glycitylbenzo|g|pteridines, 
including Riboflavin and Riboflavin 2-Imine. 

By J. Davott and D. D. Evans. 


5-Amino-4-glycitylaminopyrimidines, prepared from appropriate 5-nitro- 
or §-nitroso-derivatives, have been converted by ring closure into the 
compounds named in the title. 


TuE structural similarity between purine nucleosides, pteridines, and riboflavin has been 
noted by several authors,/2 who have also suggested that 8-glycosyl- or 8-glycityl- 
pteridines may be involved as biosynthetic intermediates. Recent work * has shown that 
adenine and guanine can serve as precursors of the pyrimidine portion of riboflavin, and 
that 8-p-ribitylpteridines are also involved in its biosynthesis. The aim of the present 
work was the preparation of compounds which might be intermediates in these bio- 
synthetic reactions or might act as antimetabolites to the compounds actually involved. 

Since all the required compounds (I—III) contain the carbon-nitrogen skeleton of a 
5-amino-4-glycitylaminopyrimidine as part of their structures, the preparation of this 
class of compound was investigated. Suitable precursors were readily obtained from 
appropriate chloropyrimidines and glycitylamines in boiling aqueous or aqueous-ethanolic 
solution; thus, 6-amino-4-chloro-5-nitropyrimidine and p-ribitylamine (2 mols.) gave 
6-amino-5-nitro-4-p-ribitylaminopyrimidine (83% yield), which on catalytic hydro- 
genation afforded the triamine (Ia); the sorbitylamino-compound (Ib) was similarly 
prepared by starting from p-glucitylamine. 


N N N 
(7 NHR HaN# NHR HO NHR 
Ny. NH, Ny. NH, Ny JNH, 

NH, OH OH 
(1) (11) (UU 


a: R= D-ribityl. b:R D-sorbityl. 


4-Alkylamino-2,5-diamino-6-hydroxypyrimidines (I1; R = alkyl) have been prepared 
by heating 2-amino-4-chloro-6-hydroxypyrimidine with an excess of alkylamines at 
120—140° and then introducing a 5-amino-group by nitrosation! or by azo-coupling " 
followed by reduction. Alternatively, 2-amino-4-chloro-6-hydroxy-5-phenylazopyrimidine 


1 Forrest, Hull, Rodda, and Todd, /., 1951, 3. 

* Elion, Ciba Foundation Symposium on Chemistry and Biology of Pteridines, J. and A. Churchill, 
London, 1954, p. 49. 

3 Stadtman, ‘‘ The Biosynthesis and Degradation of Riboflavin,” Symposium No. XI, 1Vth Internat. 
Congr. of Biochemistry, Vienna, 1958, Pergamon Press, London, 1960; see also refs. 4—10 and other 
references given therein. 
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has been used as starting material,!* the phenylazo-group providing a potential 5-amino- 
group and also activating the chlorine atom. In the present work a reactive halogeno- 
pyrimidine was obtained by nitration of 2-amino-4-chloro-6-hydroxypyrimidine; the 
resulting 5-nitro-derivative reacted readily with glycitylamines in boiling water to give, 
after reduction, the 5-amino-compounds (IIa and b). 

A simple preparation of 4-chlorouracil (from 2,4,6-trichloropyrimidine) and its conversion 
into 4-alkylaminouracils has been reported." Similarly, 4-chlorouracil was condensed 
with glycitylamines in boiling water, and the products were converted, by nitrosation and 
reduction, into the 5-amino-compounds (IIIa and b); preparation of the ribitylamine 
(IIIa) by similar methods *** and also by way of 4-chloro-5-nitrouracil has been 
described since the present work was carried out. 

Purines and [1,2,3]-Triazolo[{d|pyrimidines.—9-D-Ribityl- and 9-pD-sorbityl-adenine 
were prepared by cyclisation of the N°-formyl derivatives of the amines (Ia and b) in dilute 
alkali; * on deamination with nitrous acid they afforded the corresponding 9-glycityl- 
hypoxanthines. The corresponding 9-glycitylguanines were obtained by heating the 
sulphates of compounds (IIa and b) in formamide 1° and converted into 9-glycitylxanthines 
by deamination. 

The 8-aza-analogues of the above compounds (i.e., 3-glycityl-[1,2,3]-triazolo{d]- 
pyrimidines) were prepared by similar reactions, except that cyclisation of the bases (I) 
and (II) was carried out with nitrous acid. The yields of 5,7-dihydroxy-3-glycityl-[1 ,2,3)- 
triazolo[d|pyrimidines obtained by deamination of the 5-amino-7-hydroxy-compounds 
were low, however, and the dihydroxy-compounds were better prepared from the com- 
pounds (IIIa and b) with nitrous acid. 

Pteridines.—Four types of pteridine derivative were prepared, with the general formule 
(IV—VII). 

2,8-Dihydro-4-hydroxy-6,7-dimethyl-2-oxo-8-p-ribity]pteridine (IV; R = p-ribityl, 
X = O) has been isolated from E. ashbyii and from A. gossypii, and has been named 
Compound G from its green fluorescence in solution.* It can be converted into riboflavin 
enzymically or by reaction with biacetyl, and has recently been synthesised *®® by 
methods similar to that described here. We found that the pyrimidine (IIIa) reacted 
with biacetyl in aqueous solution, to give compound (IV; R = p-ribityl, X = O) in good 
yield; and the sorbityl analogue (IV; R = p-sorbityl, X = O) from (IIIb), the 2-imino- 
compound (IV; R = p-ribityl, X = NH) from (IIa), and the 6,7-diethyl analogue from 
(Illa) and hexane-3,4-dione, were similarly prepared. 

Another pteridine * isolated from E. ashbyit and from A. gossypii has been named 
Compound V (or Compound A), and has been shown by synthesis 57-8. to have the structure 
(V; R= p-ribityl, R’= OH). It is apparently not directly involved in riboflavin 
biosynthesis. We prepared analogous 2-amino-compounds (V; R = p-ribityl and 
p-sorbityl, R’ = NH,) from pyrimidines (IIa and b) by condensation with pyruvic acid. 

Derivatives of type (VI) were prepared from the glycitylaminopyrimidines (IIa and b) 
and (IIIa) by condensation with ethyl glyoxylate hemiacetal. The first products of the 
reaction were the azomethines (VIII), which cyclised to pteridines in hot sodium hydrogen 

* Masuda, Kishi, Asai, and Kuwada, Chem. and Pharm. Bull. (Japan), 1959, 7, 361. 

* Masuda, Kishi, Asai, and Kuwada, Chem. and Pharm. Bull. (Japan), 1959, 7, 366. 

® Maley and Plaut, Fed. Proc., 1958, 17, 168; J. Biol. Chem., 1959, 284, 641. 

7 Plaut and Maley, Arch. Biochem. Biophys., 1959, 80, 219. 

* McNutt, Fed. Proc., 1959, 18, 286. 

® McNutt, J. Amer. Chem. Soc., 1960, 82, 217. 

1” Korte and Aldag, Annalen, 1959, 628, 144. 

11 Elion and Hitchings, J. Amer. Chem. Soc., 1953, 75, 4311. 

12 (a) Boon and Leigh, J., 1951, 1497; (b) Taylor and Loux, J. Amer. Chem. Soc., 1959, 81, 2474; 

Koppel, O’Brien, and Robins, ibid., p. 3046. 

'* Langley and Walpole, Seventh Internat. Cancer Congr., London, 1958. 

'* Cresswell and Wood, Proc. Chem. Soc., 1959, 387. 


* Baker, Joseph, and Schaub, J. Org. Chem., 1954, 19, 631. 
® Robins, Dille, Willits, and Christensen, J]. Amer. Chem. Soc., 1953, 75, 263. 
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carbonate solution.17 The amino-compounds (VI; R’ = NH,) are derivatives of iso- 
xanthopterin; their alkyl analogues (VI; R = alkyl, R’ = NH,) have previously been 
obtained by decarboxylation of their 6-carboxylic acids.™ 

The 8-glycityl-leucopterins (VII; R = p-ribityl and p-sorbityl) were obtained by 
boiling aqueous solutions of the pyrimidines (IIa and b) with ethyl oxalate; more drastic 
conditions have previously been used for this type of pteridine synthesis." 


R R R R 
xX  N N N N..O N N_ oO N N. O N 
S Me R’7 R’(7 HN R‘7 NHR 
GS eG De sD ie > See. - 
7 . e — - e Se, ne? " Nn ~~ AN: CH: CO,Et 
HO HO ’ HO HO HO 
(1V) (V) (V1) (VII) (VIII) 


10-Ribitylbenzo|g\pteridines (Isoalloxazines).—Previous syntheses of riboflavin (IX; 
R = p-ribityl, X = O) have started from an N-p-ribitylaniline derivative, with the 
exception of a very recent synthesis 4 from the pyrimidine (IIIa) and di- or tri-meric forms 
of biacetyl. The use of 4,5-dimethyl-1,2-benzoquinone dimer for the synthesis of benzo[g]- 
pteridines #® makes possible another approach to 10-substituted derivatives, and, in fact, 
“ Jumiflavin 2-imine ’’ (IX; R = Me, X = NH) has been synthesised from an appropriate 
methylaminopyrimidine and the dimeric quinone.” Condensation of the pyrimidine 
(IIIa) with the dimeric quinone. in boiling aqueous ethanol afforded a 25% yield of ribo- 
flavin, identified by mixed melting point, ultraviolet spectrum, and microbiological assay. 

Application of the same reaction to the ribitylaminopyrimidine (IIa) afforded “ ribo- 
flavin 2-imine ” (IX; R = ribityl, X = NH) in similar yield; the compound was recently 
obtained as an orange powder from methyl 3,4-dihydro-6,7-dimethyl-3-oxo-4-p-ribityl- 
quinoxaline-2-carboxylate and guanidine. We originally obtained the compound as 
an amorphous powder, but after purification by the method given by Cresswell e¢ al.” 
it formed orange needles, agreeing in ultraviolet maxima with the reported values.” 

Pyrimidopteridines.—The glycitylaminopyrimidines (IIa), (IIIa), and (IIIb) condensed 
readily with alloxan in boiling dilute acetic acid to give yellow products with an intense 
blue fluorescence in dilute solution. The structure (X) for these compounds is preferred 
to the possible alternative (XI), by analogy with similar compounds.!™-*4 

Ultraviolet Spectra.—The ultraviolet spectra of the 9-glycitylpurines and 3-glycityl- 
[1,2,3]-triazolo{d|pyrimidines are closely similar to those of the corresponding glycosyl 


N. NOX N,N. LN fe) HQ NON fe) 

M a R'7 Z N~ a 

. X QOe: ‘ES pt 

Me ni? ZN Na as? ZN RS aif ZN 
OH HO OH N OH 

(IX) (X) (XI) 


derivatives,2* and details have been omitted. A minor exception is that the 9-glycityl- 
guanines at pH 1 show two’ peaks (at 254 and 278 my; ¢ 11,700 and 7800 respectively), 
rather than a peak (at 255 my) and a shoulder (at 280 my) as shown by guanosine. The 


? Pfleiderer, Chem. Ber., 1957, 90, 2588. 
Albert, Brown, and Wood, J., 1956, 2066. 
Bardos, Olsen, and Enkoji, J. Amer. Chem. Soc., 1957, 79, 4704. 
*° Cresswell, Hill, and Wood, /., 1959, 698. 
Taylor, Cain, and Loux, J. Amer. Chem. Soc., 1954, 76, 1874; Taylor, Loux, Falco, and Hitchings, 
id., 1955, 77, 2243. 
Chargaff and Davidson (ed.), ‘‘ The Nucleic Acids,”” Academic Press New York, 1955, Vol. I, 
p. 493; Davoll, J., 1958, 1593. 
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Table gives the spectral characteristics of other ribityl compounds prepared; 


Davoll and Evans: 


the corresponding sorbityl derivatives are virtually identical. 


The Synthesis of 9-Glycitylpurines, 


those of 


Ultraviolet absorption maxima (my) (10%e in parentheses). 


Compound 
(R = p-ribityl) 
(IV; X = NH) 


(VI; R’ = NH,) ... 
(VI; R’ = OH) ... 
(VII; R’ = NH,) 
(VIII; 


(Ix; X= 


R’ = NH,) 
= NH) 


Riboflavin 2-imine *° 


(X; R = NH,) 
(X; R = OH) 


In HCl 
257 (14-1), 285 (12-4) 
400 (13-2) 


257 (14-2), 275 (sh) (9 


406 (10-5) 


218 (32-4), 294 (11-4), 


339 (13-0) 
220 (32-8), 257 (4:1), 
219 (9-5), 344 (13-8) 


278 (11-2), 332 (10-8), 
230 (17-0), 304 (13-8), 


331 (7-9) 
218 (17-3), 270 (11-4) 


225 (27-2), 270 (31:9), 


387 (12-3), 441 (14-0) 


224 (27-0), 270 (32-1), 


386 (12-3), 442 (14-1) 
223 (30-6), 266 (33-4) 
371 (10-6), 440 (11-8) 


223 (35-5), 267 (35-5), 


376 (10-7), 445 (11-5) 


246 (42-4), 293 (10-9), 


427 (36-2) 
233 (22-8), 241 (23-1) 
280 (10-9), 426 (26-5) 


7), 


At pH 6-8 

230 (15-1), 268 (14-8) 

318 (5-0), 410 (7-4) 

258 (15-0), 275 (10-5), 
404 (11-5 

220 (30- 4), 294 (10-8), 
340 (12-9) 

219 (34-1), 256 (4-5), 

290 (8-8), 342 (13-3) 

260 (5-2), 287 (9-1), 
350 (12-8) 

228 (17-6), 303 (13-4), 
332 (8-1) 

260 (9-1), 275 (sh) (7-2), 
370 (5-8) 


243 (37-1), 291 (12-8), 
431 (37-3) 

241 (36-6), 290 (9-7), 

426 (32-3) | 


In NaOH 

233 (18-2), 271 (8-4) 

282 (8-4), 312 (8-1) 

229 (22-4), 280 (12-7), 
313 (9-1) 

258 (11-8), 281 (5-0), 
353 (13-8 

259 (11-9), 280 (sh) (3-6), 

358 (15-1) 

260 (9-1), 280 (5-0), 
362 (13-0) 

233 (14-3), 300 (9-2), 
350 (10-8) 

250 (9-7), 275 (sh) (5-8), 
363 (4-9) 


242 (33-5), 275 (14-8), 
437 (38-5) 

230 (28-9), 272 (12-2) 

435 (32: 3) 


Biological Properties.—Most of the above compounds were tested against a number 
of pathogenic and non-pathogenic micro-organisms, and several against sarcoma 180 in 
mice, but no significant effects were observed. 


EXPERIMENTAL 


Except where otherwise stated, samples were dried for analysis in a high vacuum at 100°. 


4-Glycitylaminopyrimidines. 


p-Ribitylamine.—This was prepared initially by reductive amination of D-ribose * and used 


as a crude syrup, but the following modification of the method of Kagan et al.** gave more | 
reproducible results and a cleaner product. 

Benzylamine (43 g., 0-4 mole) was added to a suspension of p-ribose (60 g., 0-4 mole) in | 
methanol (400 c.c.). After 20 hr., the clear solution was hydrogenated over platinum oxide 7 
(2 g.), 8-5 1. of hydrogen being absorbed in 24 hr. After filtration and evaporation to 200 c.c., | 
ethyl acetate (600 c.c.) was added, giving N-benzyl-p-ribitylamine (55-3 g., 57%), m. p. 99—102° | 
(lit., 46%, m. p. 102—103°). On hydrogenation in methanol (500 c.c.) over palladised charcoal, 
this (48 g.) absorbed 4-7 1. in 7 hr. After removal of catalyst and most of the solvent, the J 
residue was evaporated with water to remove toluene, then used directly as an aqueous solution 
containing a calculated 30 g. of p-ribitylamine. 

p-Glucamine [p-Sorbitylamine].—This was prepared either directly from glucose * or ] 
through the N-benzyl derivative. 

2-Amino -4-chloro-6-hydroxy-5- Sielincbetteelilion.-@- Auld 4-stidane-t-tepituhacrsniteniiiied ; 
(13 g.) was added all at once with vigorous stirring to a mixture of fuming nitric acid (90 c.c.) 
and concentrated sulphuric acid (90 c.c.) at 25°; a clear yellow solution was formed and the 
temperature rose to 38°. After 30 min. the mixture was added to crushed ice (ca. 500 g.), and 
the yellow solid (14-8 g., 87%) collected and washed with water. It could not be recrystallised 

*3 Holly, Peel, Cahill, Koniuszy, and Folkers, J. Amer. Chem. Soc., 1952, 74, 4047. 


** Kagan, Rebenstorf, and Heinzelman, J. Amer. Chem. Soc., 1957, 79, 3541. 
2 Holly, Peel, Mozingo, and Folkers, J. Amer. Chem. Soc., 1950, 72, 5416. 
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but was sufficiently pure for further use (Found: C, 25-1; H, 2-4; N, 28-3; Cl, 17-6. Calc. for 
C,H,CIN,O;: C, 25:2; H, 1-6; N, 29-4; Cl, 186%). The dried compound is fairly stable, 
but a sample kept for a year appeared to have been partly hydrolysed by atmospheric moisture. 

6-Chlorouracil.*—2,4,6-Trichloropyrimidine (74-5 g., 0-41 mole) and a solution of sodium 
hydroxide (65 g., 1-64 moles) in water (650 c.c.) were stirred under reflux on the steam-bath 
for 1 hr. To the hot suspension of crystalline material was added concentrated hydrochloric 
acid (160 c.c.), giving a clear solution from which 6-chlorouracil (48-5 g., 82%), m. p. 292—296° 
(decomp.), separated on cooling [lit., m. p. 300° (decomp.)] (Found: N, 18-5. Calc. for 
C,H,CIN,O,: N, 19-1%). 

6-A mino-5-nitro-4-D-ribitylaminopyrimidine.—4-Amino-6-chloro-5-nitropyrimidine ** (17-5 
g., 0-1 mole), D-ribitylamine (30-2 g., 0-2 mole), water (150 c.c.), and ethanol (950 c.c.) were 
boiled under reflux for 3 hr. Water (500 c.c.) was then added and the mixture refluxed for 
a further 2} hr. and filtered hot, with charcoal. The ribitylamino-compound (24 g., 83%) 
separated on cooling as needles, m. p. 212—214°, raised to 214—216° by recrystallisation from 
water (Found: C, 37-1; H, 5-5; N, 24-0. C,H,;N,O, requires C, 37-4; H, 5:2; N, 242%). 

6-A mino-5-nitro-4-D-sorbitylaminopyrimidine.—Prepared in a similar manner, from D- 
sorbitylamine, the sorbitylamino-compound (88% yield) formed plates (from water), m. p. 
211—212° (Found: C, 37-6; H, 5:3; N, 22-0. CC, 9H,,N,O, requires C, 37-6; H, 5-4; N, 21-9%). 

5,6-Diamino-4-D-ribitylamino- and 5,6-Diamino-4-D-sorbitylamino-pyrimidine (Ia and b).— 
These compounds were not isolated, but were prepared by hydrogenation of the above nitro- 
compounds over palladised charcoal, either in 90% formic acid for the preparation of purines, 
or in 50% acetic acid for the preparation of [1,2,3]-triazolo[d]pyrimidines. 

2-Amino-6 - hydroxy - 5-nitro-4-D-ribitylaminopyrimidine.—2 - Amino-4-chloro -6-hydroxy-5- 
nitropyrimidine (5 g.), D-ribitylamine (7-9 g.), and water (30 c.c.) were boiled together under 
reflux for 4hr. The solution was filtered hot (charcoal), giving the ribitylamino-compound (5-9 g., 
74%) as very pale yellow needles, m. p. 245—246° (decomp.; sinters above 230°) (Found: 
C, 35:9; H, 5-5; N, 22-7. C,H,;N,O, requires C, 35-4; H, 4:95; N, 230%). In some 
preparations the product was partly gelatinous, and was best collected and washed by centrifug- 
ation. These preparations had lower m. p.s (ca. 224°) but could be used without purification. 

2-Amino-6-hydroxy-5-nitro-4-D-sorbitylaminopyrimidine.—Prepared similarly from  D-sor- 
bitylamine, the sorbitylamino-compound (71% yield) formed needles (from water), m. p. 220— 
223° (decomp.) (Found: C, 35-8; H, 5-6; N, 20-4. Cj, 9H,,N;O, requires C, 35-8; H, 5-1; 
N, 20-9%). Like the ribityl compound, the material sometimes separated in gelatinous form. 

2,5-Diamino-6-hydroxy-4-D-ribitylamino- and  2,5-Diamino-6-hydroxy-4-D-sorbitylamino- 
pyrimidine (IIa and b).—These were prepared by hydrogenation of the above nitro-compounds 
with palladised charcoal, either in 50% acetic acid at room temperature or in water at 45—50°; 
in both cases the compounds dissolved as reduction proceeded. The products were used 
directly without isolation, any necessary evaporation being carried out at 15 mm. in nitrogen. 

Barium Salt of 2,6-Dihydroxy-5-nitroso-4-D-ribitylaminopyrimidine.—6-Chlorouracil (13-9 g.), 
D-sorbitylamine (28-5 g.), and water (90 c.c.) were boiled under reflux for 11 hr., then 
evaporated to half-volume and treated with ethanol (300 c.c.). The mixture was kept over- 
night at 0°, the supernatant liquid decanted, and the residual gum washed with ethanol, dried, 
and dissolved in hot water (135 c.c.). The solution was cooled to 5°, and barium nitrite mono- 
hydrate (26-6 g.) added. When the barium nitrite had dissolved, glacial acetic acid (40 c.c.) 
was added; the temperature rose to 35—-40°, some gas was evolved, and solid began to separate. 
Collected after 18 hr. at 0°, washed with water, and dried at room temperature, the 
barium salt (22-5 g., 58%) was obtained as a hexahydrate [Found: N, 13-3; Ba, 16-4. 
(C,H,,N,0,),.Ba,6H,O requires N, 13-6; Ba, 16-7%]. 

5-Amino-2,6-dihydroxy-4-pD-ribitylaminopyrimidine (IIla).—To a solution of the above 
barium salt in hot water (12 c.c./g.) was added the calculated quantity of n-sulphuric acid. 
After removal of barium sulphate, the filtrate was hydrogenated with palladised charcoal to 
give an aqueous solution of the 5-amino-compound. Any necessary evaporation was carried 
out at 15 mm. under nitrogen. 

2,6-Dihydroxy-4-p-sorbitylaminopyrimidine.—6-Chlorouracil (9-3 g.), D-sorbitylamine (23 g.), 
and water (50 c.c.) were boiled under reflux for 6 hr., diluted to 90 c.c., and filtered hot (charcoal). 
On cooling, the sorbitylamino-compound (12-8 g., 69%) separated as a crystalline powder, m. p. 


*6 Boon, Jones, and Ramage, /., 1951, 96. 
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236—237° (decomp.), unchanged by recrystallisation (Found: C, 41-1; H, 6-0; N, 13-8. 
Cy9H,,N,0, requires C, 41-2; H, 5-9; N, 14-4%). 

5-A mino-2,6-dihydroxy-4-p-sorbitylaminopyrimidine (IIIb).—A solution of the above com- 
pound (1-45 g., 5 mmoles) and barium nitrite monohydrate (0-62 g.) in hot water (25 c.c.) was 
cooled rapidly to 25° and treated with acetic acid (1:7 c.c.). After 18 hr. the gelatinous solid 
was dissolved by heating the mixture to 70° and N-sulphuric acid (5 c.c.) was added. After 
filtration, the solution was hydrogenated with palladised charcoal and used, after removal 
of catalyst, without isolation of the product. Any necessary evaporation was carried out at 
15 mm. under nitrogen. 


Purines and [1,2,3]-Triazolo[d]pyrimidines. 

9-p-Ribityladenine.—A solution of compound (Ia) prepared from the nitro-compound 
(2-9 g.) in 90% formic acid (40 c.c.) was boiled for 1 hr. under reflux, then evaporated to dryness, 
and the residue was evaporated three times with water and dried. The resulting solid was 
heated under reflux for 15 min. with N-sodium hydroxide (50 c.c.) and ethanol (50 c.c.), then 
ethanol (100 c.c.) was added and the solution filtered and cooled, to give 9-p-ribityladenine 
(1-5 g., 55%), m. p. 190—195°, raised to 209—210° by recrystallisation from water (Found: 
C, 44:8; H, 5-7; N, 25-8. C,)H,;N,O, requires C, 44-6; H, 5-6; N, 26-0%). 

9-p-Sorbityladenine.—This was similarly prepared from compound (Ib) (from 4-75 g. of 
nitro-compound), except that the alkaline solution was evaporated to dryness, the residue 
dissolved in water (10 c.c.), and the product (3-6 g.) precipitated with ethanol (100 c.c.). 
Recrystallisation from water gave 9-p-sorbityladenine (2-45 g., 55%) as needles, m. p. 198—200° 
(after drying at 100°; undried samples also sintered at 92—-100°) (Found: C, 42-3; H, 5-7; 
N, 22-8. C,,H,,N,0;,4H,O requires C, 42-8; H, 5-9; N, 22-7%). 

9-p-Ribitylhypoxanthine.—To a solution of 9-p-ribityladenine (3-2 g.) in 10% acetic acid 
(85 c.c.) was added sodium nitrite (8-3 g.) in water (20 c.c.). After 20 hr. the product was 
isolated by precipitation with excess of aqueous lead acetate and ammonia, treatment of the 
lead salt in 20% acetic acid with hydrogen sulphide, and evaporation of the filtrate. Trituration 
of the product with aqueous ethanol gave 9-p-ribitylhypoxanthine (2-1 g., 65%) as needles, 
m. p. 207—209°, raised to 209—210° by recrystallisation from 85% ethanol (Found: C, 44-0; 
H, 5-1; N, 20-4. C,)H,,N,O, requires C, 44-4; H, 5-2; N, 20-7%). 

9-p-Sorbitylhypoxanthine.—Similarly prepared (50% yield), the sorbityl compound formed 
needles (from water), m. p. 214—216° (Found: C, 444; H, 5-9; N, 184. (C,,H,,.N,O, 
requires C, 44-0; H, 5-4; N, 18-7%). 

9-p-Ribitylguanine.—To a solution of the compound (IIa) (3 mmoles) in 50% acetic acid 
(30 c.c.) was added n-sulphuric acid (3 c.c.). After removal of solvent the dried residue was 
boiled under reflux for 15 min. with formamide (7 c.c.). The cooled solution was diluted with 
water, and the product isolated through the lead salt. 9-p-Ribitylguanine (0-32 g., 37%) 
formed a crystalline powder, m. p. 279—-280° (decomp.), after recrystallisation from water 
(Found: C, 41-8; H, 5-8; N, 24-3. (CC, 9H,,N,O,; requires C, 42-1; H, 5-3; N, 24-6%). 

9-p-Sorbitylguanine.—Similarly prepared, 9-p-sorbitylguanine (41% yield) formed leaflets 
(from water), m. p. 254—255° (decomp.) (Found: C, 40-3; H, 6-2; N, 21-1. (C,,H,,N;O,,}H,O 
requires C, 40-7; H, 5-6; N, 21-6%). 

9-p-Ribitylxanthine.—A solution of 9-p-ribitylguanine (0-72 g.) and barium nitrite mono- 
hydrate (2-5 g.) in hot water (20 c.c.) was cooled rapidly to 45° and treated with acetic acid 
(2-5 c.c.). After 5 hr. N-sulphuric acid (20-2 ml.) was added and after a further 18 hr. the 
mixture was filtered and evaporated to dryness. A solution of the residue in hot 70% ethanol 
(10 c.c.) deposited 9-p-ribitylxanthine (0-33 g., 46%) as a-white powder, m. p. 150° (decomp.; 
sinters above 142°) after recrystallisation from 75% ethanol (Found: C, 38-3; H, 5-5; N, 18-6. 
CypH,,N,O,,1$H,O requires C, 38-3; H, 5-5; N, 17-9%). 

9-p-Sorbitylxanthine.—A solution of 9-p-sorbitylguanine (1-85 g.) and sodium nitrite 
(4-2 g.) in hot water (50 c.c.) was cooled rapidly to 45° and treated with acetic acid (4-2 c.c.). 
After 18 hr. the product was isolated through the lead salt; 9-p-sorbitylxanthine (0-84 g., 
46%) separated from 50% ethanol (14 c.c.) as an amorphous powder, m. p. 160—162° (decomp. ; 
sinters above 155°) (Found: C, 41-7; H, 5-5; N, 16-8. C,,H,,N,O, requires C, 41-8; H, 5-1; 
N, 177%). 

7-Amino-3-p-ribityl-[1,2,3]-triazolo[d|pyrimidine.—To a solution of the amine (Ia) (from 
14-5 g. of nitro-compound) in 50% acetic acid (200 c.c.) was added sodium nitrite (3-6 g.) in 
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water (20 c.c.). Collected after 2 hr., the compound (8-4 g., 62%) formed needles, m. p. 237— 
238°, raised to 239—240° by recrystallisation from water (Found: C, 40-2; H, 5-3; N, 31-1. 
CyHyyN,O, requires C, 40-0; H, 5-2; N, 31-1%). 

7-Amino-3-p-sorbityl-[1,2,3]-triazolo[d|pyrimidine.—Similarly prepared (72% yield), the 
compound had m. p. 240—241° (Found: C, 40-5; H, 5-7; N, 28-0. C, 9H,.N,O; requires 
C, 40-0; H, 5-4; N, 28-0%). 

7-Hydroxy-3-p-ribityl-[1,2,3]-triazolo[d]pyrimidine.—To a solution of the 7-amino-compound 
(1-04 g.) in N-nitric acid (40 c.c.) was added sodium nitrite (2-9 g.) in water (10 c.c.). After 
5 hr., isolation through the lead salt, trituration with aqueous ethanol, and crystallisation from 
85% ethanol (45 c.c.) gave the hydroxy-compound (0-6 g., 58%) as needles, m. p. 153—154° 
(after drying at 100°) (Found: C, 37-8; H, 5-1; N, 245. C,H,,N;0;,H,O requires C, 37-4; 
H, 5:2; N, 24:2%). 

1-Hydroxy-3-p-sorbityl-[1,2,3]-triazolo[d|pyrimidine.—Sodium nitrite (3 g.) was added to a 
solution of the 7-amino-compound (1-3 g.) in N-nitric acid (45 c.c.). Collected after 18 hr., the 
hydroxy-compound (1-04 g., 80%) formed needles (from water), m. p. 210—212° (Found: 
C, 38-0; H, 5:3; N, 22-3. C,9H,;N,O,,H,O requires C, 37-6; H, 5-4; N, 21-9%). 

5-Amino-7-hydroxy-3-p-ribityl-[1,2,3]-triazolo[d|pyrimidine.-—To a solution of the amine 
(IIa) (from 6-1 g. of nitro-compound) in 50% acetic acid (200 c.c.) was added sodium nitrite 
(1-40 g.) in water (10 c.c.). The separated material (4-11 g.) was collected after 5 hr. at 0°, a 
further crop being obtained by evaporation of the filtrate, giving a total of 4-91 g. (86%) of 
the ribityl compound as needles (from water), m. p. 258—259° (decomp.) (Found: C, 37-7; 
H, 5:2; N, 29-5. C,H,,N,O, requires C, 37-8; H, 4:9; N, 29-4%). 

5-A mino-7-hydroxy-3-p-sorbityl-[1,2,3]-triazolo[d|pyrimidine.—Similarly prepared (67° 
yield), the sorbityl compound formed needles (from water), m. p. 246—247° (decomp.) (Found: 
C, 37-8; H, 5:3; N, 27-1. C,9H,,N,O, requires C, 38-0; H, 5-1; N, 26-6%). 

5,7-Dihydroxy-3-p-ribityl-[1,2,3]-triazolo[d]pyrimidine.—To a solution of the amine (IIIa) 
(3 mmoles) in water (20 c.c.) was added glacial acetic acid (3 c.c.) followed by barium nitrite 
monohydrate (0-41 g.) in a little water. After 1} hr., barium was removed with Nn-sulphuric 
acid (3-3 ml.). Removal of solvent and crystallisation from 75% ethanol gave the dihydroxy- 
compound (0-51 g., 59%) as rods or needles, m. p. 208—209° (decomp.) after recrystallisation 
(Found: C, 37-6; H, 4:7; N, 24-0. C,H,,;N;O, requires C, 37-6; H, 4-6; N, 244%). 

Prepared from the 5-amino-7-hydroxy-compound by the method used for 9-p-ribityl- 
xanthine (26% yield), the compound had m. p. 198—200° (decomp.) undepressed by the above 
material (Found: C, 37-7; H, 5-0; N, 24-7%). The ultraviolet absorption spectra of the two 
samples were identical. 

5,7-Dihydroxy-3-p-sorbityl-[1,2,3]-triazolo[d]pyrimidine.—Similarly prepared from the sor- 
bitylamine (IIIb) (81% yield), the dihydroxy-compound formed needles (from 60% ethanol), 
m. p. 229—230° (decomp.) (Found: C, 38-0; H, 4:5; N, 22-3. C,)H,,;N,O, requires C, 37-9; 
H, 4:8; N, 22-1%); prepared from the 5-amino-7-hydroxy-compound (40% yield) the material 
had m. p. 227—-229° (decomp.) alone or in admixture with the first sample (Found: C, 37-5; 
H, 5-1; N, 22-3%). 

Pteridines. 
2,8-Dihydro-4-hydroxy-2-imino-6,7-dimethyl-8-p-ribitylpteridine (IV; R = p-ribityl, X = 
NH).—To a solution of the ribitylamine (IIa) (3 mmoles) in water (10 c.c.) at 60° was added 
biacetyl (0-31 g.). The mixture was kept for 30 min. at 80—90° in a stoppered flask, then 
evaporated to 1—2c.c.; the pteridine (0-5 g., 51%) slowly separated as an amorphous orange- 
yellow powder, m. p. ca. 190° (decomp.), unchanged by “ recrystallisation ’” from 70% ethanol 
(Found: C, 46-3; H, 6-4; N,20-8. C,,H,.N;O;,4H,O requires C, 46-7; H, 6-0; N, 21-0%). 

2,8-Dihydro-4-hydroxy-6,7-dimethyl-2-ox0-8-p-ribitylpteridine (‘‘Compound G"’) (IV; 
R = p-ribityl, X = O).—To a solution of the pteridine (IIIa) (6 mmoles) in water (20 c.c.) at 
60° was added biacetyl (0-62 g.). The mixture was kept for 30 min. at 80—90° in a stoppered 
flask, then cooled, and the pteridine (1-17 g., 60%) collected as yellow needles, m. p. 274—275° 
(decomp.) unchanged by recrystallisation from water, [a],,2* —183° (c 11% in H,O) (Found: 
C, 48-1; H, 5-8; N, 17-0. C,3H,,N,O, requires C, 47-9; H, 5-6; N, 17-2%). 

6,7-Diethyl-2,8-dihydro-4-hydroxy-2-0x0-8-D-ribitylpteridine—A similar condensation was 
carried out between the amine (IIIa) (0-01 mole) and hexane-3,4-dione (1-4 g.). After evapor- 
ation to dryness, the residue in water (5 c.c.) was treated with ethanol (50 c.c.) and ether (100 
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c.c.), and the crude product thus obtained again precipitated from ethanol (50 c.c.) with ether 
(200 c.c.) and crystallised, with difficulty, from 96% ethanol (12 c.c.). The diethyl compound 
(2-06 g., 58%) was a yellow, crystalline powder, m. p. 229—231° (decomp.) (Found: C, 50-8; 
H, 6-9; N, 15-2. C,,H,.N,O, requires C, 50-8; H, 6-3; N, 15-8%). 

2,8-Dihydvo-4-hydroxy-6,7-dimethyl-2-ox0-8-D-sorbitylpteridine (IV; R = p-sorbityl, X = 
O).—A similar condensation was carried out between the sorbitylamine (IIIb) (9 mmoles) and 
biacetyl (0-93 g.). After evaporation, the residue was recrystallised twice by addition of 
methanol or ethanol (50 c.c.) to a solution in warm water (10 c.c.), giving the sorbityl compound 
(2-2 g., 61%) as yellow needles, which melted at 60—80°, resolidified, and remelted at 229—230° 
(decomp.) (Found, in material dried at room temperature: C, 41-8; H, 6-3; N, 13-6. 
C,,~HpN,O,,24H,O requires C, 41-9; H, 6-3; N, 14:0%). 

2-A mino-7,8-dihydro-4-hydroxy-6-methyl-7-0x0-8-pb-ribityl pteridine (V; R = p-ribityl, 
R’ = NH,).—To a solution of the base (IIa) (0-011 mole) in water (45 c.c.) was added commercial 
90% pyruvic acid (5 c.c.). The mixture was boiled for 1 hr. under reflux and the ribityl com- 
pound (2-26 g., 63%), m. p. 274—277° (decomp.), was collected after cooling. Recrystallisation 
from water (300 c.c.) gave yellow needles, m. p. 283—284° (decomp.) (Found: C, 43-6; H, 5-7; 
N, 21-9. C,,H,,N,O, requires C, 44-0; H, 5-2; N, 21-4%). 

2-A mino-7,8-dihydro-4-hydroxy-6-methyl-7-0x0-8-D-sorbitylpteridine (V; R= p-sorbityl, 
R’ = NH,).—Similarly prepared from the analogue (IIb) and isolated by evaporation of the 
reaction mixture to small volume, the sorbityl compound (60% yield) formed yellow needles, 
m. p. 229—231° (decomp.) (Found: C, 42-5; H, 5-8; N, 18-7. C,3H,sN,;0,,4H,O requires 
C, 42:6; H, 5:5; N, 19-1%). 

Ethyl  (2-Amino-6-hydroxy-4-p-ribitylamino-5-pyrimidinylimino)acetate (VIII; R = 
p-ribityl, R’ = NH,).—To a solution of the ribityl compound (IIa) (3 mmoles) in water (15 c.c.) 
was added ethyl glyoxylate hemiacetal (0-67 g.). The mixture was boiled for 1 hr. under 
reflux, and the product (0-8 g., 69%) was collected after cooling; it formed yellow needles (from 
water), m. p. 232—-233° (decomp.) (Found: C, 40-2; H,,6-7; N, 17-8. C,3H,,;N,;O,,14H,O 
requires C, 40-4; H, 6-3; N, 181%). 

2-A mino-7,8-dihydro-4-hydroxy-1-ox0-8-p-ribitylpteridine (V1; R = p-ribityl, R’ = NH,).— 
(a) The above ester (0-39 g.) and N-sodium hydrogen carbonate (5 c.c.) were boiled for 15 min. 
under reflux. Glacial acetic acid (0-5 c.c.) and water (100 c.c.) were added and the mixture was 
boiled with a little charcoal and filtered, giving, on cooling, the ribityl compound (0-17 g., 54%) 
as a yellow microcrystalline powder, m. p. 342—-343° (decomp.), unchanged by recrystallisation 
(Found: C, 42-3; H, 5-4; N, 22-3. C,,H,,N,O, requires C, 42-2; H, 4-8; N, 22-4%). 

(b) To a solution of compound (IIa) (3 mmoles) in water (15 c.c.) was added ethyl glyoxylate 
hemiacetal (0-67 g.). The solid which separated was collected after 30 min. and cyclised with 
n-sodium hydrogen carbonate as in (a), to give the pteridine (0-4 g., 42%) (Found: C, 42-2; 
H, 50%). 

Ethyl  (2-Amino-6-hydroxy-4-p-sorbitylamino-5-pyrimidinylimino)acetate (VIII; R = 
p-sorbityl, R’ = NH,).—To a solution of the sorbityl compound (IIb) (6 mmoles) in water 
(30 c.c.) at 60° was added ethyl glyoxylate hemiacetal (1-34 g.). On cooling, the product 
(1-61 g., 69%) separated as yellow needles, m. p. 198—203° (decomp.), raised to 209—210° 
(decomp.) by recrystallisation from water (Found: C, 43-1; H, 6-3; N, 18-1. C,gH,3N,O, 
requires C, 43-2; H, 6-0; N, 18-0%). 

2-A mino-7,8-dihydro-4-hydroxy-7-0x0-8-D-sorbitylpteridine (VI; R= p-sorbityl, R’= 
NH,).—Prepared in the same way as the ribityl compound, method (a), the sorbityl compound 
(44% yield) was a yellow powder, m. p. 320—330° (decomp.) (Found: C, 41-5; H, 5-6; N, 19-5. 
C,.H,,;N,O0,,4H,O requires C, 40-9; H, 5-2; N, 19-9%). 

7,8-Dihydro-2,4-dihydroxy-7-0x0-8-D-ribitylpteridine (VI; R = p-ribityl, R’ = OH).—To 
a solution of compound (IIIa) (0-01 mole) in water (80 c.c.) was added glacial acetic acid (2 c.c.), 
followed by ethyl glyoxylate hemiacetal (2-23 g.), with shaking. The solid was collected after 
30 min. and boiled for 15 min. under reflux with N-sodium hydrogen carbonate. The solution 
was treated with acetic acid (5 c.c.), evaporated to 20 c.c., and treated with hot ethanol (35 c.c.) 
to give, on cooling, the crude sodium salt (4 g.) of the product. A solution of this in warm 
2n-hydrochloric acid (12 c.c.) was treated with charcoal and cooled, to give the free pteridine 
(1-68 g., 54%) as buff needles, m. p. 228—229° (decomp.) after recrystallisation from water 
(Found: C, 42-0; H, 4:4; N, 17-9. C,,H,,N,O, requires C, 42-0; H, 4-5; N, 17-8%). 

2-A mino-7,8-dihydro-4,6-dihydroxy-7-0x0-8-p-ribitylpteridine (VII; R = p-ribityi).—A 
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solution of ribitylaminopyrimidine (Ila) (3 mmoles) in water (15 c.c.) was boiled under reflux 
for 5 hr. with ethyl oxalate (3 c.c.). After cooling, the pieridine (0-57 g., 58%) was collected; 
it formed brownish-yellow needles (from water), decomposing at 330—335° (Found: C, 39-1; 
H, 5:1; N, 20-2. C,,H,;N,O,,4H,O requires C, 39-0; H, 4-8; N, 20-7%). 

2-Amino-7,8-dihydro-4,6-dihydvoxy-7-0x0-8-D-sorbitylpteridine (VII; R = pv-sorbityl).— 
Similarly prepared (58% yield), the sorbityl compound formed yellow needles, m. p. 331° 
(decomp.) (Found: C, 39-2; H, 5-5; N, 18-7. C,,H,,N,;O,,$H,O requires C, 39-1; H, 4-9; 
N, 19-0%). 

Benzo(g|pteridines and Pyrimidopteridines. 

2,10-Dihydvo-4-hydroxy-2-imino-7 ,8-dimethyl-10-p-ribitylbenzo[g|pteridine (‘* Riboflavin 
2-Imine’’) (IX; R = p-ribityl, X = NH).—To a solution of the pyrimidine (IIa) (5 mmoles) 
in water (60 c.c.) was added 4,5-dimethyl-1,2-benzoquinone dimer ™ (0-68 g.) in hot ethanol 
(20 c.c.). The mixture was boiled under reflux for 3 hr. in subdued light and kept for 3 days 
in the dark. The crude product (0-77 g., 41%) was collected, dissolved in 2Nn-hydrochloric 
acid (30 c.c.), treated with 10% hydrogen peroxide (2 c.c.) and a little charcoal, and filtered. 
Addition of N-sodium hydrogen carbonate (ca. 100 c.c.) gave the product as a powder, which 
after a further purification by the same method formed orange needles (0-48 g., 26%) con- 
taining a trace of inorganic material. The compound was suspended in hot water (50 c.c.) 
containing a few drops of acetic acid and collected after cooling; the pure isoalloxazine 2-imine 
(0-4 g.) decomposed above 290°, without melting (Found: C, 54-1; H, 5-6; N, 18-6. Calc. for 
C,,H,,N;0;: C, 54-4; H, 5-6; N, 18-7%). 

Riboflavin (IX; R = p-ribityl, X = O).—To a solution of the pyrimidine (IIIa) (3 mmoles) 
in water (25 c.c.) was added, 4,5-dimethyl-1,2-benzoquinone dimer !® (0-41 g.) in hot ethanol 
(12 c.c.). The mixture was boiled under reflux for 3 hr., then kept for 3 days at room tem- 
perature, and the solid was collected, dissolved in hot water (150 c.c.), mixed with the filtrate, 
and percolated through a column of Woelm alumina (acidic grade). The column was washed 
with water at 50°, and the combined eluates were evaporated to 25 c.c., to give riboflavin 
(0-28 g., 25%) as orange-yellow needles, m. p. 273—274° (decomp.), raised to 278° (decomp.) by 
recrystallisation from water (Found: C, 54:8; H, 5-9; N, 14-4. Calc. for C,,H,)N,O,: C, 54-3; 
H, 5-4; N, 14.9%). The samples did not depress the m. p. of an authentic sample, and a 
microbiological assay *” showed 101% of riboflavin activity. 

8-A mino-2,10-dihydro-4,6-dihydroxy-2-0x0-10-p-vribitylpyrimido[5,4-g|pteridine (X; R= 
p-ribityl, R’ = NH,).—To a solution of the pyrimidine (IIa) (3 mmoles) in water (7 c.c.) was 
added acetic acid (2 c.c.) and alloxan monohydrate (0-53 g.). The mixture was boiled under 
reflux for 15 min., the initial intense purple colour disappearing and yellow needles separating. 
Collected after cooling, the compound (0-94 g., 80%) formed brownish-yellow needles (from 
50% acetic acid), decomp. above 270° (Found: C, 39-9; H, 4:8; N, 24-6. C,,H,,N,O,,4H,O 
requires C, 40-0; H, 4:1; N, 25-1%). 

2,10-Dihydro-4,6,8-trihydroxy-2-0x0-10-p-ribitylpyrimido[5,4-g]pleridine (X; R = p-ribityl, 
R’ = OH).—Similarly prepared (64% yield), this compound formed yellow needles (from water), 
which did not melt below 340° (Found: C, 39-9; H, 4:0; N, 21-1. C,,H,,N,O,,4H,O requires 
C, 39-9; H, 3-9; N, 21-5%). 

2,10-Dihydvo-4,6,8-trihydvroxy-2-ox0-10-p-sorbitylpyrimido[5,4-g] pteridine (X; R= D-sor- 
bityl, R’ = OH).—Similarly prepared in 86% yield, this product separated from water as a 
yellow powder, which contracted at 170—175° and charred above 290° (Found: C, 39-1; 
H, 4:5; N, 19-1. C,,H,.N,O,,H,O requires C, 39-1; H, 4-2; N, 19-5%). 


The authors thank Dr. Bowman for many helpful discussions, Miss E. M. Tanner for deter- 
mination of the spectra, Mr. F. H. Oliver for the microanalyses, and Mrs. C. Rieser for the 
microbiological assay of the synthetic riboflavin. 


CHEMICAL RESEARCH DEPARTMENT, PARKE Davis & COMPANY, 
STAINES Roap, Hounstow, Mppx. (Received, April 7th, 1960.] 


* Barton-Wright, ‘‘ Microbiological Assay of the Vitamin B Complex and Amino Acids,” Pitman, 
London, 1952, p. 35. 
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977. Vegetable Oils. Part VIII.* The Separation of Fatty Acids by 
Reversed-phase Chromatography: An Empirical Approach and a 
Mathematical Treatment. 


By F. D. GuNstonE and P. J. SyYKEs. 


In connection with the separation of fatty acids by reversed-phase chrom- 
atography between paraffin and a range of aqueous acetones, a method of 
measuring the partition coefficient is described. This can be used empirically 
to indicate the eluting solvent of optimum efficiency. Various oxygenated 
acids can be separated by using castor oil or acetylated castor oil as stationary 
phase. A mathematical treatment of the experimental system is given. 


In both partition chromatography and counter-current distribution, compounds are 
distributed between two immiscible solvents according to their several partition co- 
efficients. In Craig’s apparatus for counter-current distribution the separation is effected 
after a number of discrete transfers have been made, whereas in partition chromatography 
there is continuous flow of mobile phase over the stationary phase, held by an inert support 
and contained in a column. For satisfactory partition chromatography the stationary 
phase should be the solvent in which the compounds to be separated have greater 
solubility; they are then slowly eluted by the greater volume of the mobile phase in which 
they are less soluble. 

Partition chromatography has been widely and effectively used for the separation of 
fatty acids. For acids of shorter chain length the stationary phase is the more polar 
solvent and the mobile phase is the less polar, and several systems of this type suitable for 
the C,—Cy,,. acids have been described. Since the longer-chain acids are considerably 
more soluble in the less polar phase, it is more convenient to reverse this system, and 
Howard and Martin ? were the first to show how the higher acids (C,,—C,,) could be so 
separated. The stationary phase, medicinal paraffin, is held on kieselguhr made non- 
wetting by treatment with dichlorodimethylsilane, and the mobile phase is a range of 
aqueous acetones of increasing acetone concentration. 

Several investigators * have used this method with only minor modifications and have 
extended the range of acids which can be separated to C,—C,,, with aqueous acetone 
solutions of concentration varying between 40% and 90%. Unsaturated acids are eluted 
along with lower saturated acids (oleic acid with palmitic acid, and linoleic acid with 
myristic acid, etc.); and the best separations are obtained when each acid, or group of 
saturated and unsaturated acids, is eluted with the aqueous acetone of optimum efficiency. 
There is, however, only a very general agreement among other investigators ** about 
which is the best eluting solvent, and a method has now been developed for deriving this 
from a knowledge of the partition coefficient of the acid between paraffin and a range of 
aqueous acetones. The same method has been used to investigate the possible separation 
of oxygenated acids by using other stationary phases. Finally, a mathematical description 
of the experimental system is reported; this gives results in general accord with those 
obtained experimentally. 


* Part VII, J. Sci. Food Agric., 1959, 10, 522. 


1 Mitchell, Montague, and Kinsey, ‘‘ Organic Analysis,’”’ Interscience Publ. Inc., New York, 1956, 
Vol. III, 71. 

*? Howard and Martin, Biochem. J., 1950, 46, 532. 

* (a) Silk and Hahn, Biochem. ]., 1954, 56, 406; (b) Crombie, Comber, and Boatman, Biochem. J., 
1955, 59, 309; Steinberg, Slaton, Howton, and Mead, J. Biol. Chem., 1956, 220, 257; Kapitel, Fette u. 
Seifen, 1956, 68, 91; Popjak and Tietz, Biochem. J., 1954, 56, 46; Garton and Lough, Biochim. Biophys. 
Acta, 1957, 28, 192; Lough and Garton, Biochem. J., 1957, 67, 345; Riley and Nunn, Biochem. J., 
1960, 74, 56. 
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EXPERIMENTAL 


Materials.—Samples of lauric, myristic, palmitic, stearic, arachidic, oleic, and linoleic acid 
were supplied from the Research Laboratories of Unilever Ltd., Port Sunlight. All the other 
acids used were available as research specimens or were prepared from such by standard 
procedures. 

Aqueous acetone designated Z% was prepared by diluting acetone (Z ml.) with water until 
the volume of the mixture was 100 ml. All acetone solutions are equilibrated with the 
appropriate stationary phase before use. 

Columns for Reversed-phase Chromatography.—Throughout this work columns 35 cm. long 
and 1-3 cm. in diameter were used according to the general directions of Howard and Martin 2 
and incorporating the improved suggestions of Silk and Hahn.** (Fuller details are given in 
ref. 4) Each column contained 25 g. of packing made of siliconised Hyflo Supercel (14-6 g., 
d 2-1) § and neutralised liquid paraffin (10-4 g., d 0-88) or siliconised Hyflo Supercel (14 g.) and 
acetylated castor oil (11 g., d 0-97). 

Medicinal castor oil was extracted with light petroleum (b. p. 40—60°) to purify the 
triricinolein.* If castor oil was required, the product was neutralised by percolation as a 
solution in ether through a column of alumina (Peter Spence, Type H); otherwise the 
triricinolein was acetylated by boiling acetic anhydride, and the acetylated product, after 
recovery, was finally neutralised in the same way. 

Determination of the Partition Coefficient (K).—The acid (ca. 2 mg., accurately weighed) 
under investigation is dissolved in the stationary phase (ca. 0-5 ml., accurately weighed) by 
warming them together in a centrifuge tube to 100° or, if this fails, by addition of a mutual 
solvent (ether, alcohol, or acetone) which is subsequently completely removed under reduced 
pressure. Siliconised Hyflo Supercel (1-3—1-4 times the weight of stationary phase) is then 
added along with the chosen acetone (5-00 ml.). The tube is corked and, after equilibration at 
the desired temperature (35° with paraffin, 20° with castor oil and acetylated castor oil), is 
centrifuged. Two 2 ml. portions are removed with a pipette and titrated against 0-01N- 
methanolic potassium hydroxide (A ml.), a nitrogen-stirred titration cell and micrometer 
syringe *** being used. To the remaining mixture of acid, stationary phase, inert support, 
and aqueous acetone (1 ml.), 95° aqueous acetone (5-00 ml.) is added, and after equilibration 
two further 2 ml. portions are removed and titrated (P ml.). 

The partition coefficient, which is the concentration of acid in the mobile phase divided by 
that in the stationary phase is given by the following expression, in which V is the volume 
of the stationary phase (the density of stationary phase is determined) : 


K — AV|(6P — A) 


In this calculation it is assumed that the 95% acetone, even though diluted by 1 ml. of more 
aqueous acetone, removes all the acid from the stationary phase. There is good evidence 
that K is very large and as a further check the recovery of acid is calculated. This should be 
100 + 5% for the value of K to be significant: 


Recovery (%) = 100NE(2A + 3P)/W 


where N is the normality of the alkali and W and E are the weight and equivalent of the acid 
used. 

Results.—Values of K for a number of saturated and unsaturated acids and for various 
oxygenated acids have been measured, several aqueous acetones being used as one liquid phase 
and liquid paraffin, castor oil, or acetylated castor oil as the other. The results are given in 
Figs. 1—3 where log,, 100K is plotted against the percentage of acetone in the aqueous acetones. 
The plots are straight lines, most of which are approximately parallel. The lines for non- 
separable groups of saturated and unsaturated acids lie very close together and some of these 
have been omitted from the figures. * 


* Gunstone and Sykes, J. Sci. Food Agric., in the press. 
* “ International Critical Tables,”” ed. Washburn, McGraw-Hill Book Co. Inc., 1927, Vol. IT, p. 87. 
* Achaya and Saletore, J. Sci. Ind. Res., India, 1952, 11, B, 471. 
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DISCUSSION 


The Partition Coefficient —In seeking to relate the partition coefficients of these acids 
to their chromatographic behaviour, values of K must be measured under conditions 
which resemble those operating during column elution and are also practically convenient. 
The change in the ratio of the two liquid phases from 2-5: 1 to the larger value (10: 1) 
used in determining K has little effect on the result and is made on practical grounds. The 
addition of kieselguhr on the other hand makes a marked difference to the measured values 
of K and has the effect of increasing the proportion of acid in the stationary phase. It 
follows, from the general agreement between practical results and those derived from the 
theoretical treatment described later, that absorptive forces due to kieselguhr which have 


Fic. 1. Partition coefficient for paraffin—aqueous acetone. 
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The lines for the following acids have been omitted for clarity. They lie on or very close to those 
indicated in parentheses: E(B), G(C and F), Rand S (K), T(H), and U(P). 


A, Stearic acid. B, Palmitic acid. C, Myristic acid. D, Lauric acid. E, Oleic acid. fF, Linoleic 
acid. G, Hexadec-cis-9-enoic acid. H, 12-Hydroxystearic acid. J, 9-Hydroxyoctadec-cis-12- 
enoic acid. K, threo-9,10-Dihydroxystearic acid. L, erythro-9,10-Dihydroxystearic acid. M, 
erythro-9,10-Dihydroxypalmitic acid. N, threo-9,10,12-Trihydroxystearic acid (m. p. 106—108°). 
O, threo-9,10-threo-12,13-Tetrahydroxystearic acid (m. p. 144—146°). P, 12-Acetoxystearic acid. 
R, threo-9,10-Diacetoxystearic acid. S, erythro-9,10-Diacetoxystearic acid. T, 9,10-Epoxystearic 
acid. U, 12-Oxostearic acid. 


been neglected in the theoretical treatment are in fact included in the K values determined 
in the presence of kieselguhr. These points are illustrated by the following data: 


Ratio Aq. acetone (%) 

Acid Aq. acetone : paraffin Kieselguhr 62 67 73 

10:1 Present 0-10 0-16 — 

BORMIES ccccvecesccceccsccecs { 24:1 Present — 0-19 -- 
23:1 Absent 0-57 1-03 ~- 
{ 10:1 Present — 0-07 0-18 

GRD IE Ds cities Sivveccrensdestiic 23:1 Present -_- 0-09 _— 
24:1 Absent — 0-44 0-85 


The Optimum Concentration of Aqueous Acetone for Elution.—Before the partition 
coefficients were measured some saturated and unsaturated acids had been run on paraffin 
columns and the best eluting solvents for lauric, myristic (also hexadecenoic and linoleic), 
palmitic (also oleic), stearic, and arachidic acid were found to be 56, 62, 67, 73, and 78% 
aqueous acetone respectively. Not surprisingly, each acid is now seen to have about the 
same partition coefficient at the chosen aqueous acetone concentration (Table 1). 
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TABLE lI. 


(a) The optimum concentration of acetone for the elution of the acid concerned from a paraffin 
column. 

(b) The partition coefficient of the acid for this aqueous acetone. 

(c) The partition coefficient of the acid for the aqueous acetone used for the elution of the next lower 
group of acids; i.e., 53% for the myristic acid group, 62% for the palmitic acid group, and 67% for 
stearic acid. 














| Acid * 12:0 14:0 16:1 18:2 | 16:0 18:1 18:0 
| (a) 53 t 62 62 62 67 67 73 

(b) 0-16 0-18 0-15 0-15 0-16 0-18 0-18 
| (c) — 0-05 0-05 0-04 0-10 0-08 0-07 











* The numerals used to designate the acids indicate the number of carbon atoms and the number 
of double bonds per molecule. Thus 12: 0 is lauric acid, etc. 

t The value of 56% found empirically and reported in the text was changed to 53% on the strength 
of these results. 


Consider the separation of two acids A and B of which A has the higher value of K. 
At low acetone concentrations both acids will be eluted very slowly from the column and, 
though they are separable, the system will be inconvenient: at higher acetone con- 
centrations both acids will be eluted very quickly and separation will be impracticable. 


Fic. 2. Partition coefficient for castor oil—-aqueous acetone. (Key as Fig. 1.) 
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Between these two values, however, there is a range of acetone concentations for which 
the acid A is eluted at a convenient rate whilst the acid B is only eluted after prolonged 
percolation. The solvent of choice for this separation will lie within this range. It is 
clear from the empirical observations and the data in Table 1 and Fig. 1 that, for the 
paraffin system being used, an acid is satisfactorily eluted when its partition coefficient is 
equal to or greater than about 0-16 and it will be conveniently separated from other acids 
having a partition coefficient not greatly above about 0-08. These two values have been 
used to draw the two horizontal lines in Fig. 1. 

The same horizontal lines were drawn on Figs. 2 and 3 for castor oil and acetylated 
castor oil, leading to useful practical conclusions concerning which acids can be separated 
and under what conditions. As an illustration of this it was inferred from Fig. 3 that it 
should be possible to separate threo-9,10-dihydroxystearic acid (K, 61%), 9-hydroxyocta- 
dec-12-enoic acid (J, 67°), threo-9-10-diacetoxystearic acid (R, 74%), and 12-acetoxy- 
stearic acid (P, 80%) on an acetylated castor oil column by using the solvents indicated 
to elute each acid. The results in Fig. 4, obtained with solvents very close to those 
recommended, are entirely satisfactory. 
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Separation of Oxygenated Acids.—Part of the purpose of this investigation was to extend 
the techniques developed by others for the separation of saturated and unsaturated fatty 
acids to various oxygenated acids. Seed oils containing such acids could then be examined 
by this procedure as an alternative to gas—liquid chromatography which is reported ” to 
be unsuitable for esters containing the system —-CH:CH-CH:CH-CH(OH)-. 

When paraffin columns are to be used it is to be expected that oxygenated acids having 
higher values of K would be eluted before non-oxygenated acids of comparable chain 


Fic. 3. Partition coefficient for acetylated castor otl-aqueous acetone. (Key as Fig. 1. 
3OF 














90 
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Fic. 4. Elution curve for the separation of threo-9,10-dihydroxystearic acid (K), 9-hydroxyoctadec-12-enoie 
acid (J), threo-9,10-diacetoxystearic acid (R), and 12-acetoxystearic acid (P). 
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length. Fig. 1 provides quantitative evidence of this, and the results indicate the 
possibility of certain separations and the impossibility of others by using the chromato- 
graphic system here described. Thus hydroxystearic acid can be separated from hydroxy- 
oleic acid but not from epoxystearic acid: threo-9,10-dihydroxystearic acid and the threo- 
and erythro-9,10-diacetoxystearic acids can be separated from various mono-oxygenated 
acids but not from one another; other similar relationships can be derived from Fig. 1. 
Even when the partition coefficient indicates the possibility of separation, other factors 
may limit the practical value of the system. A mobile phase of acetone content so high 
* Morris, Holman, and Fontell, J. Lipid Res., in the press. 
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that it removes the stationary phase from the column cannot be used (aqueous acetone 
up to 90% can be safely used with paraffin); also, difficulties arise when the solute has very 
low solubility in the stationary phase. The only stationary phases used in this type of 
work are paraffin, castor oil,** and mixtures of these two.® Mixtures are unsatisfactory 
because they are difficult to reproduce, and because they are frequently unstable on 
account of the differential removal of the two components by the mobile phase. 

In an attempt to increase the usefulness of this procedure, some potential stationary 
phases other than paraffin have been investigated, including dinonyl phthalate, six poly- 
esters of Reoplex type, castor oil, and acetylated castor oil. All except the last two were 
considered to be too soluble in the higher aqueous acetones; castor oil can be used with 
aqueous acetones up to 75—80%, and acetylated castor oil up to 80—85%. The partition 
coefficients measured on a number of acids for these solvents are plotted in Figs. 2 and 3. 

Since solvents with an acetone content greater than 80% cannot be used with castor 
oil, saturated acids higher than lauric, and the unsaturated acids which separate with them, 
cannot be conveniently removed from a column without also removing so much of the 
stationary phase that it is unfit for further use; this also applies to monohydroxystearic 
acid. Di-, tri-, and tetra-hydroxystearic acids, however, should be separable by this 
system and this has been confirmed. 

Acetylated castor oil is considered to be more suitable because aqueous acetone 
solutions up to 85% can be used and, at the same time, the values of K are slightly higher 
than those with castor oil. Thus threo- and erythro-9,10-dihydroxystearic acid are best 
eluted from castor oil with 72% acetone and from acetylated castor oil with 61% acetone, 
and the corresponding values for 12-hydroxystearic acid are 80 and 72%. Reference 
has already been made to a successful separation of the acids in Fig. 4 and many others 
can be predicted from Fig. 3. It is noteworthy that the relative values of K for a range 
of acids is not the same in different stationary phases. This is illustrated by the fact 
that 9,10-dihydroxystearic acid can be separated from its diacetyl derivative on an 
acetylated castor oil column but not on a paraffin column. 

The use of paraffin and of acetylated castor oil columns, and occasionally of castor oil 
columns, provides a valuable technique for the analytical separation of a wide range of 
saturated, unsaturated, and oxygenated acids. 

Theoretical Treatment of Experimental System.—Theories of chromatography relevant 
to this discussion have been put forward by Martin and Synge,’ Mayer and Tompkins," 


TABLE 2. Symbols used in the mathematical treatment. 


The partition coefficient of the acid under chromatographic conditions. 

The number of theoretical plates (or tubes) in the column. 

The number of an eluate fraction where each fraction has the same volume as that of the mobile 
phase in a theoretical plate (or tube). 

The fraction of solute present in the ath eluate. 

The volume of mobile phase contained in the column. 

The volume of each experimental eluate (2-0 ml.). 

The number of the experimental eluate fraction containing most solute counted from the point 
where the solvent front emerges from the column. 

. The fraction of solute in the eluate /. 

= V,,/v, i.e., the volume of mobile phase in the column expressed as a number of experimental 

eluate fractions. 
Ax} The area of the normal curve of error for the argument {z}. 


and Glueckauf.2 The following treatment provides a reasonable explanation of the 
results obtained in the present study. The symbols used are given in Table 2. From the 
experimentally determined position and height of the eluate maximum, it has been possible 


® Savary and Desnuelle, Bull. Soc. chim. France, 1953, 939. 
* Matic, Biochem. J., 1956, 68, 168. 

Martin and Synge, Biochem. J., 1941, 35, 1358. 

* Mayer and Tompkins, J. Amer. Chem. Soc., 1947, 69, 2866. 
 Glueckauf, Trans. Faraday Soc., 1955, §1, 34. 
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to derive values of K’ and #, to plot a theoretical eluate curve, and to determine 
the partition coefficient K’; which an acid B must have if it is to be separated from acid A 
of partition coefficient K’,. Though some of the experimental results are obtained by 
using only one solvent, rather than the usual range of solvents, the application of the 
theory to the more usual experimental conditions is also considered. 

The column is considered to contain a number of plates (p) each of which acts asa 
single tube in a counter-current distribution apparatus. When mobile phase flows through 
the column, the amount of solute in any plate can be derived from the general formula (1) 
for calculating the fraction (7,,,,) of solute of partition coefficient K, in the rth tube after 


n transfers: 
‘ n! 1 on 
Ta = sige—yi Ra) K . ° ° ° ° ° ° (1) 
After # transfers the solvent front reaches the pth plate and thereafter a portion of the 
solute in this plate emerges with the eluate. This is given by equation (2): 
r-@to! (Kp _ +a), 


att plat (K’ + 1)ee*t ~ a(R +1) 2) 
The fraction of solute in the eluate rises to a maximum when K’ = p/a. The ratio ajp 
is equivalent to the total volume of eluate required to attain the maximum expressed in 
volumes of mobile phase on the column: 


EN ee es 


Conen. of acetone(% v/v) 
—— Se 








Fic. 52° Elution of palmitic and stearic acid from 
@ paraffin column by use of 35% and 67% 
acetone. 


The solid line is that measured practically by 
titration of successive 2 ml. portions of eluate. 
Individual points are those derived mathemat- 
ically from equation (2) with the values in- 
dicated: @ p= 70, K = 0-50; x p = 114, 
K’ = 0-22. 
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From eluate curves obtained with palmitic and stearic acid using only 35% and 67% 

acetone, palmitic acid has an operating partition coefficient of 0-50 and stearic acid of 

0-22 (Fig. 5). It is considered that the 35% acetone has practically no effect on the 

subsequent behaviour of the acids. After allowance for the relative volumes of the two 

liquid phases in the column (i.¢., 2-5), partition coefficients of 0-20 and 0-09 are obtained; 

these are to be compared with experimentally measured values of 0-16 and 0-07 (Table 1). 
From equations (2) and (3) it is possible to derive (4): 


p= ant + Ky (Ve) anf + c)(E'me)® 


A value of # may thus be derived from the position and height of the eluate maximum. 
Values of 70 and 110 are obtained from Fig. 5, and many other curves have given values 
around 100. By substituting derived values of K’ and / in equation (2), some selected 
points from the theoretical curve have been obtained (Fig. 5). 
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Glueckauf’s equation * may be used to discuss the separation of two solutes: 


% impurity = 100 (05 — {veya wom 





*/AB 


where A is (1 + 1/K’,) and B is (1 + 1/K’y). This equation relates the efficiency of 
separation to the K’ values of the two solutes and to the number of theoretical plates in 
the column being used. To separate a solute of K’ 0-5 from a second solute in a system 
having P = 100 so that the two overlap by less than 0-2%, the second solute must have 
K’ less than 0-23. These K’ values of 0-50 and <0-23 correspond to 0-20 and <0-09 for 
the experimentally determined values and are in agreement with the empirically selected 
values of 0-16 and 0-08. 

When the column is developed with a single solvent, acid of K’ ca. 0-5 reaches its 
maximum eluate after 2-0V,, of eluate has been collected, in line with the requirement 
of equation (3). Under normal running conditions the acids have this K’ value for the 
optimum solvent, but they appear to reach their maximum eluate after about 1-0V,, of 
eluate has appeared (cf. Fig. 4). This apparent anomaly is related to the use of a range of 
solvents to elute the acid mixture. Even those solvents which are not ideal for the 
elution of a particular acid will cause it to move slowly down the column so that when the 
correct solvent is applied the acid is already part of the way down the column and is there- 
fore eluted more quickly, generally after 1-0V,, or less. 


We thank Dr. S. Paul (Research Department, Unilever Ltd., Port Sunlight) for pure samples 
of some acids, and the Carnegie Trust for financial assistance (to P.'F. S.}. 
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978. The Production of Active Solids by Thermal Decomposition. 
Part XII.* The Calcination of Hydrous Titania. 


By R. C. ASHER and S. J. GREGG. 


The effect of heat treatment on certain properties of hydrous titania 
prepared by the hydrolysis of the sulphate has been studied. Separate 
samples of the titania have been calcined for 5 hr. at a series of temperatures 
(T), and a number of properties of the cooled product (including specific 
surface, pore volume, and adsorption of water and of benzene) have been 
measured. The specific surface diminishes continuously with increasing 
temperature of calcination, but the pore volume shows little change below 
600°; between 600° (which is probably close to the Tammann temperature) 
and 1000° the loss of specific surface is accelerated and the pore volume 
diminishes markedly. When, between 970° and 1100°, the conversion of 
anatase into rutile occurs, the loss of specific surface is decelerated and the 
pore volume actually increases somewhat, both effects probably resulting 
from the contraction in the true volume of the material. 

The surface of the specimens immediately after calcination is in part oxide 
and in part hydroxide; the proportion of the latter diminishes as the tem- 
perature of calcination increases. Exposure to moist air or water vapour 
slowly converts the oxide into hydroxide. 


In Part I! it was pointed out that calcination of a hydrous oxide should yield an active 
solid with an activity diminishing continuously as the temperature of calcination increased ; 


* Part XI, J., 1960, 1162. 
? Part I, Gregg, J., 1953, 3940. 
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and, in later Parts, examples of this type of behaviour (viz., ferric oxide,” silica, and 
stannic oxide *) have been described; in the present Part a further example, titania, is 
dealt with, an added feature of interest being the occurrence at red heat of a poly- 
morphic transition (from anatase to rutile) which might be expected to produce an 
activating effect. 


EXPERIMENTAL 

Maiterials.—The hydrous titania was a “‘ pulp”’ kindly provided by Mr. J. T. Richmond. 

It had been prepared from crushed ilmenite which had been dissolved in concentrated 
sulphuric acid and purified. The resulting solution, which contained ca. 230 g. of titania per |. 
(presumably as basic sulphate), was then heated to cause hydrolysis; the pulp was filtered off, 
washed with dilute ammonia solution to remove the anionic impurities as far as possible, and 
air-dried. The analysis of the pulp before washing was (p.p.m.): Fe,O,, 100; Cr,O;, 8; V,0,, 
8; Sb,O,, 0-1; and (%) PO,, 0-35; SO,, 0-38. Both thermogravimetric analysis and direct 
determination by ignition showed that the content of volatile impurity after the pulp had been 
washed was 0-5%. 

Procedure.—The procedure was substantially that adopted in previous Parts. The titania 
pulp was heated, in separate portions, each at a separate fixed temperature, for 5 hr., and the 
following properties of the cooled solid were measured: adsorption of nitrogen at —183° bya 
volumetric method § to calculate the specific surface (the sample was outgassed overnight, 
at 115°); the adsorption of benzene vapour and of water vapour by use of an electromagnetic 
sorption balance; * the density by immersion in carbon tetrachloride (p¢q,) 7 and in mercury 
(Pug) * to calculate the pore volume V (=1/pg, — 1/Poq),); the X-radiogram with Cu-K, 
radiation; and the water content by the thermogravimetric analysis. 


RESULTS AND DISCUSSION 


Below 900° the X-ray pattern of the samples was that of anatase with broadened lines, 
and the increase in temperature merely led to a sharpening of the lines, signifying an 
increase in crystallite size. The conversion into rutile was confined effectively to the 
range 950—1100° (Fig. 1, Curve a). This is supported by the figures for poq, (Fig. 1, 
Curve 6) which show an increase from 3-9 g. cm.-*, corresponding to anatase, to nearly 
4-3 g. cm.”%, corresponding to rutile, in this temperature range. 

For discussion it is accordingly convenient to divide the results into those for the 
temperatures below and above 950°. 

The curve for specific surface below 950° shows a continuous fall (Fig. 2). There is 
no maximum, in accordance with the fact that titania gel is a hydrous oxide,® and (as 
confirmed by the X-ray results) it does not change its lattice when water is driven off: 
rise in temperature produces sintering but no activation. At about 600°, however, the 
sintering begins to accelerate, as is clear from Fig. 3, where log S’ is plotted against 1/T 
[S’ = surface area per g. of TiO,; T = temperature (°K) of calcination]. 

The pore volume V (Fig. 4), which varies but little below 600°, falls rapidly between 
600° and 1000°; the ratio V: S which is proportional to the average pore width d (for 
cylindrical pores d = 4V/S) increases continuously with rise in temperature of calcination 
(Table 1). Thus below 600° the mechanism of sintering must be such as to reduce the 
surface area whilst keeping the pore volume constant; and it must consist in a disappear- 
ance of the finer pores without disturbance of the framework of the grains, the eliminated 
volume being merely added to the volume of the larger pores (cf. Part X14). This picture 
Gregg and Hill, J., 1953, 3945; Goodman and Gregg, /J., 1956, 3612. 

Goodman and Gregg, J., 1959, 694. 

Goodman and Gregg, J., 1960, 1162. 

Sing, Ph.D. Thesis, London, 1949; Tompkins and Young, Trans. Faraday Soc., 1951, 47, 77. 
Gregg, J., 1955, 1483. 

Culbertson and Dunbar, J. Amer. Chem. Soc., 1937, 59, 306. 


Asher, Ph.D. Thesis, London, 1955. 
Weiser, Milligan, and Cook, J. Phys. Chem., 1941, 45, 1226. 
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TABLE 1. Ratio of pore volume (V cm. g.) to surface area (S cm. g.). 


Temp. of calcination (°c)... 205 306 406 505 595 746 810 939 
Mise 1GYS (em) ©<....05s0005 0-58 0-74 1-2 1-3 1-4 2-5 3:8 5-8 


is consistent with the gradual increase in the value of V:S (Table 1). These changes 
could occur without much alteration in the shape of the actual crystallites themselves, 


Fic. 2. The specific surface of calcined titania. 
(Separate specimens were calcined for 5 hr. at 
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for the surfaces of adjacent crystallites could join if the crystallites moved slightly relative 
to their immediate neighbours. The marked reduction in pore volume which commences 
at about 600° indicates that the framework is now collapsing, and this must involve some 
alteration in shape (by viscous or plastic flow ™) of the crystallites. With many oxides 


and metals a sharp increase in flexibility or plasticity sets in at a characteristic temperature, 


’ Clark, White, and Cannon, Trans. Brit. Ceram. Soc., 1953, 52, 1. 
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the Tammann temperature,“ which varies from one substance to another within the 
range 0°37—0-52T» [Tm =m. p. (°K) of substance]; the temperature 600°, at which the 
collapse of the framework commences, corresponds to 0-427, (since the m. p. of rutile is 
1825°) and so could be at or near the Tammann temperature of the substance. 

The sorption isotherms (Figs. 5 and 6) lend general support to these views. The benzene 
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sotherm for the 117° sample below a relative pressure of 0-7 is characteristic of an adsorbent 

with pores having a width of a very few molecular diameters; }* the steep rise at relative 

pressures above 0-80 or so is typical of capillary condensation in large pores (¢d > 200 A, 

say) ™* or in interstices between the grains. For temperatures from 205° to 595° there 

are hysteresis loops which move progressively towards higher pressures as the temperature 

of calcination increases, consistently with a gradual increase in the pore radius. [The pore 
11 Finch and Sinha, Proc. Roy. Soc., 1957, A, 289, 145. 


12 Pierce, Wiley, and Smith, J. Phys. Chem., 1949, 58, 669. 
43 Cf. Foster, Trans. Faraday Soc., 1932, 28, 645. 
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radii (in A) calculated by the Kelvin equation for the inception (7;), inflexion (7), and 
closure (7.), of the loops, given below, illustrate this]: 


Pore radius (A). 
306 393 740 
22 24 54 
30 35 = 
50 56 400 


The water isotherms, though slightly more complicated, give evidence pointing in the 
same direction. 

In the range 950—1100° the conversion of anatase into rutile occurs (Fig. 1) and it is 
associated with certain well-marked features in the measured properties. Thus the loss 
in specific surface is much slower (Fig. 2) and the pore volume actually increases in the 
middle of this temperature range (Fig. 4). 

These effects most probably result from the reduction in the true volume of the material 
which accompanies the transformation of anatase (d 3-9 g. cm.~) into rutile (d 4-3 g. cm.*). 
The phase change will proceed from a finite number of nuclei of rutile which will start to 
grow at different times; the contraction will thus be non-uniform within the sample and 
must lead to the formation of new gaps and the extension of old ones. Additional surface 
will thereby be produced, but loss of surface by sintering will still be taking place, though 
more slowly because of the increase in the gaps between the crystallites; the net result is 
to diminish the slope of the curves of surface area against temperature and of pore volume 
against temperature. 

In places, the stresses produced by contraction would be sufficiently severe to bring 
about the actual disintegration of the grain; and this explains the visual observation 
that a sample, calcined to 1070° and known to contain 60% of rutile and 40% of anatase, 
consisted of a mixture of large white lumps (ca. 1 mm. across) and a fine greyish powder; 
X-ray analysis showed the lumps to be pure anatase but the powder to contain ~65% of 
rutile. The formation of fine powder accounts for the increase in pore volume at Y 
(Fig. 4), since the mercury used in the determination cannot penetrate into the voids 
between fine particles and so gives an anomalously high value for pore volume. 

Since the phase change of anatase to rutile must involve some movement of ions, it 
might be expected to commence at the Tammann temperature rather than 200° above it, 
as in the present study. The delay is almost certainly to be ascribed to one or more of the 
impurities which are present, for with material of high purity the change does commence 
in the neighbourhood of the Tammann temperature (Part XIII); + and the anatase-rutile 
transformation is known to be highly sensitive to certain additives. Which particular 
impurity or impurities is or are responsible in the present case is as yet uncertain, however. 

The Réle of Water——The water content gradually diminishes over a wide range of 
temperature, but even at 500° it is still appreciable (see Table 2). The water is evidently 
bound to the titania with a wide range of energies—as molecular water if it is expelled 


TABLE 2. Water content. 


Temp. of calcination (°c) odss 205 306 406 505 
Water content (% ese , 2-4 0-9 0-25 0-13 
6* 0-74 0-37 0-15 0-1 


*@= antes of surface covered with water. 


below 100°, as hydroxyl groups if it can only be expelled at temperatures approaching 300° 
or 400°, and perhaps by hydrogen bonds if it is driven off between 100° and 300°. Values 


t Inthe press. 
“‘ Titanium, its Occurrence, Chemistry and Technology,” Rheinhold Press, New York, 


6 Shapiro and Kolthoff, J]. Phys. Colloid Chem., 1948, $2, 1020. 












5062 Fry, Kendall, and Morgan: The Reactivity of the 


for the fraction 0 of the surface covered, a cross-sectional area of 7-5 A? being assumed 
for an OH group, are given in Table 2. 

The isotherms of water on samples which have been calcined in vacuum (cf. the curve 
for 332°, which is typical, in Fig. 5) show that some water is retained, even after many 
hours of pumping, at the end of the desorption run.4* This retained water is probably 
chemisorbed on parts of the surface which had lost their hydroxyl groups during the 
calcination; the retention is explicable in terms of a conversion of surface oxide into 
surface hydroxide groups during the progress of the adsorption experiment. The 
conversion is relatively slow—as one would expect since it would almost certainly be an 
activated process—for the amount of retained water is much too small to raise the value 
of 6 to unity. In the sorption isotherms of water on the standard samples—.e., those 
which had been calcined in air and then exposed to humid air during storage—the retention 
effect was absent (Fig. 5); evidently the normal outgassing procedure (115° for 5 hr.) 
leaves the surface completely covered with hydroxyl groups. 


TABLE 3. Effect of different conditions during outgassing, on surface area. 


Temp. of outgassing (°C) ..........seeeeeeeeee 25 25 60 82 110 
Time of outgassing (hr.) ..............s.s0e0. 5 . bg 5 5 
fy |) ee ee 13-8 9-5 73 7-5 6-2 
SP Ga? BaP. OE TID ki ci cne cde ced icdscccs 211 199 183 316 311 


* Until no further loss in weight. 


At temperatures below 110° the percentage of water lost by outgassing increases with 
increase in both temperature and time of outgassing (Table 3); the surface area also 
changes, and the results can be explained in terms of two opposing processes—a removal 
of water from surface previously blocked, which tends to increase the area, and a sintering 
which tends to diminish the area. ; 


We thank Messrs. Laporte Titanium Ltd. for a maintenance grant to one of us (R. C. A.) and 
for a grant towards the purchase of apparatus. Thanks are also offered to Mr. J. T. Richmond 
for supplying the titania pulp and for providing the X-ray diffraction results on the calcined 
samples. 


WASHINGTON SINGER LABORATORIES, 
PRINCE OF WALES Roap, EXETER. [Received, May 23rd, 1960. 


16 Rao, J. Phys. Chem., 1941, 45, 500; Current Sci., 1940, 9, 70; Weiser, Milligan, and Simpson, J. 
Phys. Chem., 1942, 46, 1051. 





979. The Reactivity of the Alkylthio-group in Nitrogen Ring Compounds. 
Part IV.* Quaternary Salts of 4-Substituted Quinazolines.t 


By D. J. Fry, J. D. KENDALL, and A. J. MorGan. 


The quaternisation of 4-methylquinazoline and of 4-alkylthioquinazolines 
at the N,,) atom has been proved, and the salts obtained have been used in 
the preparation of typical cyanine and merocyanine dyes. The evidence for 
the quaternisation of quinazoline at Nis) has been examined and confirmed. 


THE preparation of cyanine dyes from quaternary salts of 4-methyl- (I; R = Me) and 
4-methylthio-quinazoline (I; R = SMe) was first described by Kendall,! who formulated 
the salts as either (II or III; R = Me or SMe). 
Gabriel and Colman ? concluded that in quinazoline (I; R = H) Ny) is the quaternary 
* Part III, Ficken and Kendall, J., 1960, 1537. 


+ Part of this work was presented to the Fine Chemicals Group of the Society of Chemical Industry 
at a meeting at King’s College, London, in February, 1956 (see Chem. and Ind., 1956, 339). 


1 Kendall, B.P. 425,609. 
2 Gabriel and Colman, Ber., 1904, 37, 3643. 
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centre, whilst Morley and Simpson ** have shown that the basic centre is the Ng atom in 
4-phenoxyquinazoline and in 6- and 7-nitro-4-anilino- and -4-acetamido-quinazoline. It 
therefore seemed desirable to establish unequivocally which is the quaternary nitrogen atom 
in the salts of the 4-substituted quinazolines (I; R = Me or SMe). 


R R R 
ft oo Cc. 
y mt ‘y 
1ZcH 7H x" +2CH 
(I) (Il) any * xX 


Fry and Kendall ® showed that identical methiodides are obtained by reaction of methyl 
jodide with either a heterocyclic thione such as 1,2-dihydro-1-methyl-2-thiobenzothiazole 
or an alkylthio-derivative such as 2-methylthiobenzothiazole. The quaternary centre of 
4-methylthioquinazoline should therefore be ascertainable by comparison of its quaternary 
salt with those from 1,4-dihydro-1-methyl- and 3,4-dihydro-3-methyl-4-thioquinazoline. 

1-Methyl-4-quinazolone ® (unambiguously synthesised from o-methylaminobenzoic acid 
and formamide) was converted by phosphorus pentasulphide into 1,4-dihydro-1-methyl-4- 
thioquinazoline (IV). This, with methyl iodide, gave 1-methyl-4-methylthioquinazolinium 


S 


é os > 

COR CL OC 

“-* me eh ¥ 
(IV) (V) (1) 


iodide (V) which was identical with the product from 4-methylthioquinazoline (I; R = 
SMe) and methyl iodide. Hence, in the base (I; R = SMe), Ng) is the quaternary centre. 
The identity was confirmed by using the methiodide prepared by each method to form 
a typical cyanine and merocyanine dye; in both dye syntheses the same dye was obtained 
irrespective of the origin of the methiodide. Thus reaction between the salt (V) and 
2-methylbenzothiazole methiodide produced 1,3’-dimethyl-4,2’-quinazolinethiacyanine 
iodide and between the same salt (V) and 3-ethylrhodanine produced 3-ethyl-5-(1,4-di- 
hydro-1-methylquinazoiin-4-ylidene)rhodanine. Likewise, 2-methylbenzothiazole when 
heated with methyl toluene-p-sulphonate and either the methylthio- (I; R = SMe) or the 
thio-derivative (IV) gave 1,3’-dimethyl-4,2’-quinazathiacyanine toluene-f-sulphonate. 

The quaternisation at Ng in the methiodide of 4-methylthioquinazoline was further 
confirmed by conversion by aqueous sodium sulphide ’ or boiling pyridine ® into the base 
(IV) and hydrolysis with an excess of aqueous sodium hydroxide to o-methylaminobenzoic 
acid. With one equivalent of sodium hydroxide the methiodide (V) (or, more con- 
veniently, the corresponding methotoluene-f-sulphonate) gave, not the expected 1-methyl- 
4-quinazolone (cf. the behaviour of 2-methylthiobenzothiazole methiodide 7), but a non- 
basic isomer. This substance on alkaline hydrolysis gave ammonia, o-methylamino- 
benzoic acid, and a steam-volatile reducing acid (presumably formic). These properties, 
together with the empirical farmula, suggested that it was o-(N-methylformamido)benzo- 
nitrile. This structure was confirmed by its synthesis from formic acid and o-methyl- 
aminobenzonitrile,? although difficulty was experienced in conducting the formylation 
without hydrolysis of the nitrile to the amide. 

* Morley and Simpson, J., 1949, 1354. 

* Morley and Simpson, /., 1948, 360. 

® Fry and Kendall, J., 1951, 1716. 

Leonard and Ruyle, J. Org. Chem., 1948, 18, 903. 

* Sexton, J., 1939, 470. 


® Kendall, B.P. 475,647. 
* Grammaticakis, Bull. Soc. chim. France, 1953, 20, 207. 
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The annexed reaction sequence is suggested for the formation of the nitrile. The 
tautomerism of pseudo-bases with decyclised amino-aldehydes is well known,” as is the 
ready conversion of ethylthiobenzimidoate into benzonitrile." 


SMe SMe SMe 


e. Cc 
- “N NaOH “N Cony 
| I —_> I = | LOH 
SX Mo +,CH y 4 
6 OO” 


Me XX of e 
SMe Yo 


CN C. 
MeSH + ahenivee ner 
CHO CHO 
N N 


(V1) Me Me 


The formyl derivative (VI) when heated with one equivalent of aqueous sodium 
hydroxide or, less effectively, with dilute mineral acid was converted into 1-methyl-4- 
quinazolone, which was also formed if a 4-methylthioquinazoline quaternary salt was 
heated with two equivalents of aqueous sodium hydroxide. As an incidental observation 
bearing on the behaviour of alkylthio-substituted heterocyclic quaternary salt with 
alkali, we were unable to repeat the experiment in which O. Fischer ® obtained 1,2-di- 
hydro-1-methyl-2-thioquinoline from its methiodide with potassium hydroxide: in our 
hands, 2-methylthioquinoline methiodide with one equivalent of sodium hydroxide gave 
the expected 1-methyl-2-quinolone. 

3-Methyl-4-quinazolone * (prepared from anthranilic acid and N-methylformamide) 
with phosphorus pentasulphide produced 3,4-dihydro-3-methyl-4-thioquinazoline. This, 
with methyl iodide, formed a methiodide which did not undergo the reactions to be 
expected for a compound with the structure 3-methyl-4-methylthioquinazolinium iodide. 
No dye was formed when the salt was heated in a basic medium with 2-methylbenzothiazole 
or 3-ethylrhodanine, and the salt was recovered from boiling pyridine solution. It was 
shown to be dihydro-1,3-dimethyl-4-thioquinazolinium iodide (VII or VIIa; Y = S) by 
its identity with material obtained by the thiation of the quinazolone (VII or VIIa; Y = 
O) which Bogert and Geiger #* prepared by the action of methyl iodide on 4-methoxyquin- 
azoline, 3-methyl-4-quinazolone, or 4-quinazolone. 


Y Y 
. C 
“SNe #NMe 
eH we 
a 
wn ™ Me (VITa) 


Morley and Simpson * treated the quaternary salt (VII or VIIa; Y =O) with 2n- 
sodium hydroxide and obtained an oil which was assumed to be isomeric with the expected 
pseudo-base (VIII) since its picrate was different from the picrate of the salt (VII or VIIa; 
Y =O). It seemed to us that the compound obtained by Morley and Simpson might, by 
ring-chain tautomerism, be N-methyl-o-(N-methylformamido)benzamide (IX). However, 
Morley and Simpson’s analyses were in better agreement with the deformylated product 


1 Ingold, ‘“‘ Structure and Mechanism in Organic Chemistry,’’ London, G. Bell and Sons, Ltd., 1953, 
p. 578, 

11 Bernthsen, Annalen, 1879, 197, 350. 

12 Fischer, Ber., 1902, 35, 3677. 

18 Knape, J. prakt. Chem., 1890, 43, 209; Bogert and Geiger, J. Amer. Chem. Soc., 1912 34, 524. 

1 Bogert and Geiger, |. Amer. Chem. Soc., 1912, 34, 683. 
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(X): this structure was confirmed by its synthesis from N-methylisatoic anhydride * and 
methylamine. Its picrate was identical (m. p. and infrared absorption) with the picrate 
obtained from the oil produced by the action of sodium hydroxide on the quinazolone (VII 
or Vila; Y = O). 


co 
~NM -NHM CO-NHM 
ghia Ci LH Ge pr rane Om : 
. Cc e- e 
Y=0O) N* “OH 
(vit) Me (LX) (X) 


4-Ethylthioquinazoline (I; R = SEt) with methyl iodide formed a single quaternary 
salt which was identical with the product from ethyl iodide and 1,4-dihydro-1-methyl-4- 
thioquinazoline and was therefore 4-ethylthio-1-methylquinazolinium iodide. Likewise, 
1-ethyl-4-methylthioquinazolinium iodide was prepared by interaction of either 4-methyl- 
thioquinazoline and ethyl iodide or 1l-ethyl-1,4-dihydro-4-thioquinazoline and methyl 
iodide. There was no anomalous quaternisation such as has been observed in the 
quinoline,!* benzothiazole,’® and thiazine ”” series. 

4-Methylquinazoline with methyl iodide formed a methiodide which could not be 
purified but could be used to provide cyanine dyes. With 2-methylthiobenzothiazole 
methiodide it gave a dye identical with that described above from 1-methyl-4-methylthio- 
quinazolinium iodide and 2-methylbenzothiazole methiodide; and hence in 4-methyl- 
quinazoline methiodide, Nq) is again the quaternary centre. Likewise, fusion of 4-methyl- 
quinazoline with 2-methylthiobenzothiazole and methyl toluene-p-sulphonate gave 1,3’-di- 
methyl-4,2’-quinazolinethiacyanine toluene-pf-sulphonate. 1,4-Dihydro-l-methyl-4-[2- 
methyl-2-(3-methyl-5-oxo- 1-phenyl-2-pyrazolin-4-ylidene)ethylidene]quinazoline was 
obtained by reaction either between 4-isopropylidene-3-methyl-1-phenylpyrazol-5-one 
and 1-methyl-4-methylthioquinazolinium toluene-f-sulphonate or between 4-methy]l- 
quinazoline methotoluene-f-sulphonate, ethyl orthoacetate, and 3-methyl-l-phenyl- 
pyrazol-5-one. 

Because the above work added two further examples to the number of quinazoline 
derivatives in which N, is the basic centre, attention was directed to Gabriel and Colman’s 
evidence ? for Nig) as the basic centre in quinazoline (I; R = H). 

Quinazoline methiodide (which Gabriel e¢ al.* could obtain crystalline only as the 
methanol solvate) was obtained analytically pure as a very deliquescent yellow solid by 
interaction of pure quinazoline and pure methyl iodide. With alkali it gave the stable 
solid, sparingly soluble in water to give a weakly basic solution, which Gabriel e¢ al. 
considered to be the corresponding quaternary hydroxide. The same substance was 
synthesised by Schépf and Oechler,#* who formulated it as the pseudo-base (XI), which 
structure seems in better agreement with the physical properties. They did not, however, 
make a direct comparison with a sample obtained from quinazoline. 


H ,OH a N-CH 


Cc =cH“~ + , 

cx “me p c=cH-X 4NR X 
‘NN 

(xT) NAN? R (X11) 


With picric acid quinazoline methiodide gave the picrate which we have found to be 
identical with the picrate synthesised by Schépf and Oechler’s method. The picrate 
melted at 180°, whereas Schépf e¢ al. record 145—146°. This may be the temperature 
at which ethanol of crystallisation is lost, since a sample placed in a bath preheated to 


" ent 


® Heilbron, Kitchen, Parkes, and Sutton, J., 1925, 127, 2171. 
16 Beilenson and Hamer, /J., 1939, 143; Sexton, J., 1939, 470; Fry and Kendall, J., 1951, 1716. 
1” Beilenson, Hamer, and Rathbone, /., 1945, 222; Hamer and Rathbone, J., 1945, 243. 
18 — and Oechler, Annalen, 1936, 528, 1. 
A 
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145° melted but quickly resolidified, to remelt at 180°. Schofield #® has also observed 
3-methylquinazolinium picrate to melt at 176—178°. After completion of our work, 
Osborn and Schofield * independently confirmed that the pseudo-base (XI) from 
quinazoline methiodide was identical with the substance unambiguously synthesised by 
the method of Schépf e¢ al. As an additional confirmation, we have oxidised the pseudo- 
base (XI) (from quinazoline methiodide) to 3-methyl-4-quinazolone, isolated as the picrate. 

There is therefore now ample confirmatory evidence of the correctness of the assign- 
ment of N,,) as the quaternary centre in quinazoline methiodide. 

The stability of the pseudo-base (XI) recalls the stability of 3,4-dihydroquinazoline 4 
and is another illustration of the marked tendency for position 3,4 in quinazoline to acquire 
the dihydro-structure.™ 

The crude ethotoluene-p-sulphonate of 4-methylquinazoline gave, with ethyl ortho- 
formate in pyridine, the symmetrical trimethinquinazoline cyanine dye, isolated as the 
iodide. The Table records the preparation of a number of monomethine cyanine dyes 
(XII) containing the quinazoline nucleus. 


EXPERIMENTAL 

Light-absorption measurements were determined on a Unicam S.P. 500 spectrophotometer 
for ethanol solutions; values in parentheses are loge. Infrared absorptions were measured for 
Nujol suspensions with a Perkin-Elmer model 137 spectrophotometer. 

4-Mercaptoquinazoline (I; R = SH).—(a) Hydrogen sulphide was passed into a solution of 
potassium hydroxide (15 g.) in dry ethanol (100 c.c.) until a gain in weight of 8—9 g. was shown. 
To this solution was added 4-chloroquinazoline (22 g.); some reaction occurred with the 
production of a yellow precipitate. After 1 hour’s heating on a water-bath the precipitate was 
filtered off (m. p. 300°). The filtrate on acidification gave a further crop of the same material. 
The total weight was 19-7 g. (92%). The thiol formed yellow needles (from acetic acid), m. p. 
312° [lit.,2* 312° or 324—325° (corr.)] (Found: S, 19-6. Calc. for C,H,N,S: S, 19-75%). 

(b) 4-Quinazolone (110 g.) and phosphorus pentasulphide (179 g.) were mixed and dry 
pyridine (770 c.c.) was added. The mixture was boiled under reflux for 3 hr., then poured into 
warm water (1200 c.c.) with stirring to decompose the excess of phosphorus pentasulphide. 
A yellow solid separated, which was collected when cold and washed with water. It was 
purified by dissolving it in 10% aqueous sodium hydroxide (400 c.c.), filtering from a little 
insoluble material, and acidifying the filtrate with hydrochloric acid (d 1-16), to precipitate the 
yellow product (114 g., 93%), m. p. 320—322°. 

4-Methylthioquinazoline (I; R = SMe).—4-Mercaptoquinazoline (114 g.) was dissolved in 
10% aqueous sodium hydroxide (270 c.c.), and methyl iodide (40 c.c.) added. The mixture 
was shaken for 1 hr., during which the temperature rose to 40° and an oil separated. This 
solidified and was distilled (b. p. 172°/18 mm.). 4-Methylthioquinazoline (104 g., 84%) was 
obtained and after two crystallisations from light petroleum (b. p. 60—80°) formed pale yellow 
needles, m. p. 64—65° (lit.,1 m. p. 68°) (Found: C, 61-4; H, 4-6; N, 15-9; S, 18-05. Calc. for 
C,H,N,S: C, 61-35; H, 46; N, 15-9; S, 182%), Amax, 279 (3-84), 288 (3-84), 320 (3-96), 330 
(3-94), 305 (sh) (3-82), 315 (sh) (3-95), 340 my (sh) (3-74), Amin, 255 (3-47), 285 (3-81), 295 (3-70), 
325 my (3-91). The methotoluene-p-sulphonate crystallised from acetone-ethanol-ether as a 
cream-coloured slightly hygroscopic solid, m. p. 147—150° (Found: C, 56-5; H, 5-2; N, 7-9; 
S, 17:2. C,,H,,N,0,S, requires C, 56-35; H, 5-0; N, 7-75; S, 17-7%). 

1,4-Dihydro-1-methyl-4-thioquinazoline (IV).—(a) 1-Methyl-4-quinazolone * (1-2 g.), phos- 
phorus pentasulphide (1-8 g.), and pyridine (8-0 c.c.) were heated under reflux for 2 hr. at 150° 
and the dark brown liquid poured into hot water (15 ml.). An orange-brown solid separated 
which was filtered off, washed, and dried. 1,4-Dihydro-1-methyl-4-thioquinazoline crystallised 
from ethanol (1 in 50) as orange-yellow needles (0-6 g.), m. p. 192—194° (Found: C, 60-95; H, 
4-7; N, 15-75; S, 18-4. C,H,N,S requires C, 61-35; H, 4:6; N, 15-9; S, 182%), Amax 244 
(3-86), 266 (3-68), 380 my (4-23), Amin, 230 (3-76), 255 (3-65), 325 my (3-21). 

1® Schofield, personal communication. 

© Osborn and Schofield, J., 1957, 4191. 

*t Gabriel, Ber., 1903, 36, 808. 

22 Dewar, J., 1944, 621. 

*3 Leonard and Curtin, J. Org. Chem., 1946, 11, 349. 
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(b) 4-Methylthioquinazoline methiodide (6-36 g.), sodium sulphide nonahydrate (4-8 g.), and 
water (20 c.c.) were mixed and left at room temperature for 20 hr. A pale yellow flocculent 
solid (3-7 g.) separated and was collected (m. p. 155—-177°). This crystallised from ethanol 
(1 g. in 50 ml.) to give an orange-yellow solid (1-8 g.), m. p. 191—194°, not — 
on admixture with material obtained as above. 

(c) A solution of 4-methylthioquinazoline methiodide (4-5 g.) in pyridine (45 c.c.) was boiled 
for 2 hr. About 30 c.c. of the solvent were removed by distillation im vacuo and the residue 
was cooled in ice and diluted with water. A brown solid separated (1-0 g.) which crystallised 
from ethanol in needles, m. p. an mixed m. p. 192—193° (Found: C, 61-05; H, 4-4; N, 15-4; 
S, 18-35%). 

3,4-Dihydro-3-methyl-4-thioquinazoline.—(a) 3-Methyl-4-quinazolone " (16-0 g.) was ground 
with phosphorus pentasulphide (22-2 g.), heated with pyridine (150 c.c.) at 150° for 2 hr., 
and then poured into hot water (1250 c.c.). After cooling in ice-water, 3,4-dihydro-3-methyl-4- 
thioquinazoline (11-1 g.) was collected. Crystallisation from dry benzene gave pale yellow 
crystals, m. p. 144—147° (Found: N, 16-45; S, 18-05%), Amax, 282 (3°80), 352 (4-12), 365 (sh) 
my (3-97), Amin. 245 (3-40), 305 (3-51), 335 (sh) my (3-96). 

Dihydro-1,3-dimethyl-4-thioquinazolinium Iodide (VII; Y = S).—(a) 3,4-Dihydro-3-methyl- 
4-thioquinazoline (2-9 g.) and dry methyl iodide (2-9 c.c.) were heated in benzene (20 c.c.) for 
20 hr. When cold, the solid (2-5 g.) product was filtered off, washed with dry benzene, and 
dried (m. p. 142—235°). Some unchanged thione was removed by grinding with dry benzene 
and then refiltering. ‘The residual quaternary iodide (1-6 g.), after crystallisation from ethanol 
(1 g. in 60 ml.) formed orange-yellow needles, m. p. 230—231-5° (decomp.) (Found: C, 38-1; 
H, 3-9; N, 8-9; S, 9-9; I, 39-95. C,9H,,IN,S requires C, 37-75; H, 3-5; N, 8-8; S, 10-1; I, 
39-94), Amax. 283 (4:12), 285 (4-12), 295 (sh) (4-07), 350 (sh) (4-05), 355 (4-06), 365 (sh) my (4-02), 
Amin. 260 (3-86), 284 (4-11), 320 my (3-73). 

(b) Dihydro-1,3-dimethyl-4-oxoquinazolinium iodide *™ (VII; Y = O) (4-7 g.) and phos- 
phorus pentasulphide (3-5 g.) were fused for 6 hr. at 145°. The brownish-orange mass was 
extracted with chloroform, and the extracts were evaporated to dryness. The residue crystal- 
lised from ethanol (1 g. in 60 ml.) as a pale yellow solid, m. p. and mixed m. p. 221-5—224°. 
The ultraviolet and infrared absorption data were also correct. 

4-Methylquinazoline Methiodide (III; R = R’ = Me).—Redistilled 4-methylquinazoline }*4 
(1-44 g.) and dried, redistilled methyl iodide (1-42 g.) were mixed and left overnight in a sealed 
tube. The mixture solidified to a brownish-orange glass (2-75 g.) which was powdered and 
dried over phosphorus pentoxide in a vacuum-desiccator; the quaternary salt had m. p. 101— 
108° (decomp.) but was very deliquescent and it was not possible to crystallise it (Found: C, 
42:95; H, 4:05; N, 10-2; I, 42-55. C,)H,,IN, requires C, 41-95; H, 3-9; N, 9-8; I, 44-35%), 
Amax, 266 (3-75), 341 (2-85), 490 my (2-45), Amin, 245 (3-47), 333 (2-80), 420 my (2-40). 

1-Methyl-4-methylthioquinazolinium Iodide (III; R= Me, R’ = Me).—(a) 4-Methylthio- 
quinazoline (17-6 g.) and dry methyl iodide (17-6 c.c.) were mixed and heated under reflux on a 
water-bath for 4 hr. The orange-yellow 1-methyl-4-methylthioquinazolinium iodide (28-8 g.) 
separated rapidly asa hard mass. It was ground with dry ether and dry acetone and recrystal- 
lised from ethanol (1 g. in 50 ml.), m. p. 217—21]9° (decomp.) (Found: S, 10-15: N, 8-95; I, 
39-5. C,9H,,IN,S requires S, 10-1; N, 8-8; I, 39-9%), Amax, 295 (sh) (3-65), 306 (3-70), 315 (3-71), 
345 (3-94), 355 my (3-92), Amin, 267 (3-42), 310 (3-70), 323 (3-70), 352 my (3-91). 

(b) 1,4-Dihydro-1-methyl-4-thioquinazoline (0-5 g.), dry methyl iodide (2-0 c.c.), and dry 
benzene (50 c.c.) were heated together for 6 hr. The orange-yellow product (0-6 g.) was filtered 
off from the hot solution, washed with dry benzene, and dried (m. p. 206-5—209-5°). After two 
crystallisations from ethanol the methiodide had m. p. 219—220° (decomp.) and gave no 
depression in m. p. when mixed -with the product prepared by method (a). The ultraviolet and 
infrared absorption data also were identical. 

1,3’-Dimethyl-4,2’-quinazathiacyanine Toluene-p-sulphonate.—(a) 1,4-Dihydro-1-methyl-4- 
thioquinazoline (0-88 g.), 2-methylbenzothiazole (0-75 g.), and methyl toluene-p-sulphonate 
(1-86 g.) were fused together for 3 hr. at 140°, giving an orange-yellow solid. This was heated 
in warm ethanol (30 c.c.) with triethylamine (0-7 c.c.) for 30 min. on the water-bath. The dye 
(1-5 g.) that separated from the hot solution was collected after cooling, and washed with a 
little ethanol and ether (m. p. 297—305°). Two crystallisations from methanol (1 g. in 30 ml.) 





*4 Elderfield and Serlin, J. Org. Chem., 1951, 16, 1669. 
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gave orange-yellow needles, m. p. 304—304-5° (Found: C, 62-6; H, 4:9; N, 8-65; S, 13-45, 
CysH,,N,O,S, requires C, 62-85; H, 485; N, 8-8; S, 13-45%), Amax. 296 (3-91), 430 (sh) (4-45), 
453 (4-74), 480 my (4-82), Amin, 265 (3-52), 360 (2-98), 465 my (4-64). Incorporated in a gelatine- 
silver iodo-bromide photographic emulsion the spectral sensitivity was extended to 540 with a 
max. at 500 mu. 

(b) 4-Methylquinazoline (0-72 g.), 2-methylthiobenzothiazole (0-91 g.), and methyl toluene- 
p-sulphonate (1-86 g.) were heated together as in (2). The orange-yellow dye (0-8 g.), m. p. 
306-5—308° (after two crystallisations from methanol), was obtained as orange-yellow crystals 
(0-4 g.), m. p. and mixed m. p. 310° (Found: N, 8-65; S, 13-6%). The ultraviolet, visible, and 
infrared absorptions and the photographic sensitising data were identical. 

(c) 4-Methylthioquinazoline (0-88 g.), 2-methylbenzothiazole (0-75 g.), and methyl toluene- 
p-sulphonate (1-86 g.) were caused to react as above. The product (1-7 g.), twice crystallised 
from methanol, gave needles (0-8 g.), m.p. and mixed m. p. 304-5—305° (absorption identical) 
(Found: N, 8-45; S, 13-6%). 

1,3’-Dimethyl-4,2’-quinazathiacyanine Iodide.—(a) To 4-methylquinazoline methiodide (1-43 
g.) and 2-methylthiobenzothiazole methotoluene-p-sulphonate (1-84 g.) in warm ethanol (40c.c.), 
triethylamine (0-7 c.c.) was added; dye began to separate immediately. After 15 min. the 
mixture was cooled and the dye [1-2 g., m. p. 288—290° (decomp.)] filtered off. After crystallis- 
ation from methanol (1 g. in 200 ml.) and pyridine (1 g. in 150 ml.) it had m. p. 294—295° 
(decomp.) (Found: C, 49-55; H, 4-2; S, 7-5; I, 29-1. C,,H,,IN,S requires C, 49-9; H, 3-7; 
S, 7-4; I, 29°3%), Amax. 295 (3-81), 425 (sh) (4-42), 453 (4-75), 479 my (4:85), Amin, 260 (2-63), 360 
(2-63), 465 my (4-65). 

(6) 1-Methyl-4-methylthioquinazolinium iodide (from  1,4-dihydro-l-methyl-4-thioquin- 
azoline) (0-4 g.), 2-methylbenzothiazole methiodide (0-4 g.), and triethylamine (0-15 c.c.) in 
ethanol (5 c.c.) were treated as in (a). The orange crystals (0-5 g.), after crystallisation from 
ethanol, had m. p. 294—295° (decomp.), not depressed when admixed with the product from (a). 
The ultraviolet, visible, and infrared absorption data were identical. 

(c) 1-Methyl-4-methylthioquinazolinium iodide (from 4-methylthioquinazoline) (1-59 g.) 
and 2-methylbenzothiazole methiodide (1-46 g.) in ethanol-(50 c.c.) were treated with triethyl- 
amine (0-7 c.c.) as in (a). The product (2-5 g.; m. p. 288—295°) was crystallised twice from 
methanol (1 g. in 200 ml.) and then from ethanol (1 g. in 200 ml.), to give orange crystals, m. p. 
and mixed m. p. 293—-295° (decomp.) (Found: S, 7-55; I, 29-15%) (absorption identical). 

Other Dyes.—Other dyes prepared are recorded in the annexed Table. 

4-(3-Ethyl-4-ox0-2-thiothiazolidin-5-ylidene)-1,4-dihydro-1-methylquinazoline.—(a) 1-Methyl- 
4-methylthioquinazolinium iodide (from 1,4-dihydro-1-methyl-4-thioquinazoline) (1-6 g.) and 
3-ethylrhodanine (0-81 g.) were boiled in pyridine (15 c.c.) for 30 min. When cold, the dye 
(1-3 g.; m. p. 301—306°) was collected, washed with ethanol and ether, and extracted with 
boiling chloroform (100 c.c.), which raised the m. p. to 306—308° (Found: C, 55-15; H, 4-45; 
N, 13-35; S, 21-25. C,,H,,N,OS, requires C, 55-45; H, 4-3; N, 13-85; S, 21-15%), Amax 285 
(3-68), 310 (3-84), 340 (sh) (3-40), 458 (sh) (4-58), 463 (4-59), 485 (sh) my (4-56), Amin, 280 (3-65), 
290 (3-65), 360 mu (2-50). 

(6) 1-Methyl-4-methylthioquinazolinium iodide (from 4-methylthioquinazoline) (1-6 g.) was 
treated with 3-ethylrhodanine in pyridine as above. The product (1-0 g.) had m. p. and mixed 
m. p. 306—308° (Found: N, 13-8; S, 21-15%) (infrared absorptions identical). 

1,4-Dihydro-1-methyl-4-[2-methyl-2-(3-methyl-5-0x0-1-phenyl-2-pyvazolin-4-ylidene) ethylidene}- 
quinazoline.—(a) 1-Methyl-4-methylthioquinazolinium methotoluene-p-sulphonate (7-2 g.) and 
4-isopropylidene-3-methyl-1-phenylpyrazol-5-one (4:28 g.) were treated in warm ethanol 
(30 c.c.) with triethylamine (2-8 c.c.) and, after 30 minutes’ heating, the mixture was cooled and 
the dye (3-0 g.; m. p. 216—219°) filtered off. It was washed with ethanol and ether and, twice 
crystallised from benzene (1 g. in 200 ml.), formed dark brown crystals with a bronze reflex, 
m. p. 223—224° (decomp.) (Found: C, 73-95; H, 5-8. C,,H, )N,O requires C, 74-15; H, 5-65%), 
Amax, 232 (4-43), 320 (3-63), 535 (4-62), 440 (sh) my (4-13), Amin, 220 (4-23), 307 (3-56), 357 my 
(3-00). 

(6) 4-Methylquinazoline (1-8 g.) and methyl toluene-p-sulphonate (2-4 g.) were heated 
together on a water-bath for 2 hr. To the crude metho-toluene-p-sulphonate in hot ethanol 
(40 c.c.) were added 3-methyl-1-phenylpyrazol-5-one (2-3 g.), ethyl orthoacetate (4-0 c.c.), and 
triethylamine (3-6 c.c.). The mixture was boiled under reflux for 2 hr., and then cooled. The 
dye (0-5 g.) was collected, washed with ethanol and ether, and crystallised twice from benzene 
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Monomethine dyes (XII) prepared by fusion together of 4-methylthioquinazoline, 
methyl-substituted mort “oy bases, and alkyl toluene-p-sulphonates. 


No. Residue D x Yield (%) Colour ¢ M. p. 
1 Benzothiazole hn I 40 Orange 295 
2 Benzoxazole Et I 33 Orange 285 
3 4-Quinoline Et I 24 Crimson 278 
4 2-Quinoline Me I 41 Red 262 
5 Benzoxazole Me I 27 Yellow 285 
6 Naphtho[1,2-d]-oxazole Me I 5 Red 258 
qe ma de Et I 8-5 Red-brown 265 
8 Naphtho[2, l-d}-thiazole Me I 37 Red-orange >300 
ge 2 na Et I 45 Red-orange >300 
10 Benzoselenazole Me Br 22 Orange >300 
11 4-Quinazoline Et I 7 Golden-brown 258 
Required (%) Found (%) Ama. 
No. I N S Formula I N Ss (mp) log € 
1 27-6 -- — C,H, IN,S 27-8 -— -= 453 4-67 
480 4-68 
2 28-6 — —  CggHy IN,O 28-7 -- oo 442 4-55 
465 4-59 
3 27-95 _- — C,,H,,IN; 27-9 a a 505 4-71 
530 5-01 
4 29-7 9-85 — C,,H;,,IN; 29-85 9-85 -- 478 4-60 
510 4-81 
5 29-3 9-65 —  CygH,IN,O,H,O*® 29-15 9-75 = 440 4-65 
466 4-68 
6 27-2 — —  C,,H,,IN,O 27-5 -= -—- 460 4-54 
485 4-44 
7 25-65 — — C,,H,,IN,O 25°75 -- = 460 4-61 
485 4:47 
8 — - 6-7  CygH,IN,S _- -- 7-0 471 4-65 
501 4-64 
9 — -- 6-3 C,,H,.IN,S -- -= 6-6 470 4:74 
500 4-70 
10 — — —  (C,,H,,BrN,Se¢ _ —_ — 457 4-67 
484 4-91 
ll 27-8 -~ — C,,H,,IN, 27-95 _- -= 459 4-57 
489 4-69 


* Needles from EtOH. * Found: C, 50-05; "H, 4-4. Required: C, 49-7; H, 4:1%. * From 
4-ethylthioquinazoline. * Found: Br, 18-3. Required: Br, 184%. 


to give dark brown crystals, m. p. and mixed m. p. 224° (decomp.) (Found: C, 74-2; H, 5-75%) 
(infrared absorption identical with the above material). 

Action of Sodium Hydroxide on 1-Methyl-4-methylthioquinazolinium Salts.—(a) 1-Methyl-4- 
methylthioquinazolinium iodide (6-36 g.) was boiled in aqueous 0-99N-sodium hydroxide 
(20-3 c.c.) for 2 hr. An oil appeared soon but gradually dissolved, and methanethiol was 
evolved. A yellow oil which separated from the cooled solution later crystallised and was 
collected (2-0 g.) and washed with a little ether. After crystallisation from benzene-light 
petroleum the o-N-methylformamidobenzonitrile (VI) had m. p. 69—70° and sublimed at 
90°/1 mm. (Found: C, 67-5; H, 5-15; N, 17-35%; M, 161. C,H,N,O requires C, 67-5; H, 
5-05; N, 17-56%; M, 160). It did not depress the m. p. of the authentic material (see below) 
and had identical infrared absorption curves, and Amax, 284 (3-20), 235 (sh) (3-80), 310 (sh) mp 
(2:28), Amin, 265 my (2-91) (cf. data for o-N-methylacetamidobenzonitrile *). 

(b) The methiodide (4 g.) was boiled with 10% aqueous sodium hydroxide (10 c.c.) for 6 hr., 
by which time the oil which first separated had redissolved. The cold solution was acidified with 
dilute hydrochloric acid, and the precipitate washed and ground with water to remove inorganic 
material. After crystallisation from ethanol o-methylaminobenzoic acid (0-3 g.), m. p. and 
mixed m. p. 177—182° (decomp.), was obtained. 

(c) 1-Methyl-4-methylthioquinazolinium methotoluene-p-sulphonate (3-62 g.) was set aside 
in 1-04n-aqueous sodium hydroxide (9-6 c.c.) for 16 hr. The solid dissolved rapidly and 
methanethiol was evolved. The mixture was then extracted with ether, and the solvent 
removed to leave a yellow oil (1-5 g.) which solidified. Crystallisation from benzene-light 
petroleum gave a solid (0-8 g.), m. p. 67—69° alone or mixed with material obtained as in (a). 
Hydrolysis of o-N-Methylformamidobenzonitrile.—(a) The amide (0-5 g.) (from methiodide) in 
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10% aqueous sodium hydroxide (10 c.c.) was boiled for 3 hr. and the evolved gases were aspirated 
through 3% alcoholic picric acid: a yellow solid separated. The alkaline solution was cooled 
and acidified with dilute sulphuric acid to precipitate o-methylaminobenzoic acid, m. p. and 
mixed m. p. 178—181-5° (decomp.). The filtrate was steam-distilled. The aqueous distillate 
had pH 4 and reduced cold aqueous alkaline potassium permanganate. Filtration of the picric 
acid gave ammonium picrate (0-6 g.), m. p. and mixed m. p. 280—282° (decomp.) (from 
ethanol). 

(b) The nitrile (0-8 g.) in N-sodium hydroxide (10 c.c.) was boiled for 2} hr. The solid 
(0-4 g.) which crystallised after cooling was collected and recrystallised from hot water to give 
o-methylaminobenzamide, m. p. and mixed m. p. 158—160° (Found: C, 65-4; H, 6-7; N, 
18-55. Calc. for C,H,)N,O: C, 64:0; H, 6-7; N, 18-65%). [Picrate, leaflets (from ethanol), 
m. p. 208—210° (decomp.) (Found: C, 44:8; H, 3-85; N, 18-35. C,H,3;N;O, requires C, 
44-35; H, 3-45; N, 18-45%]. 

1-Methyl-4-quinazolone.—(a) To o-N-methylformamidobenzonitrile (0-5 g.) in water (5 c.c.) 
was added n-sodium hydroxide (3-2 c.c.)._ After 2 hours’ boiling the solution was cooled and 
impure o-methylaminobenzamide (0-05 g.) filtered off [picrate, m. p. and mixed m. p. 208— 
210° (decomp.)]. Addition of picric acid to the filtrate precipitated 1-methyl-4-quinazolone 
picrate (0-3 g.), m. p. and mixed m. p. 244—247° (decomp.) (lit., 246—247°,* 249—250° $). 

(b) The same amido-nitrile (0-5 g.) was boiled in water (5 c.c.) and N-hydrochloric acid 
(3-25 c.c.) for 2 hr.; the cooled mixture was filtered from some unchanged nitrile, then warmed 
and treated with picric acid (0-45 g.) in hot alcohol (15 c.c.). 1-Methyl-4-quinazolone picrate 
(0-2 g.) crystallised, having m. p. 243—245° (decomp.). 

(c) 4-Methylthioquinazoline methotoluene-p-sulphonate (1-81 g.) im N-aqueous sodium 
hydroxide (10 c.c.) was kept overnight. After filtration from o-N-methylformamidobenzo- 
nitrile (0-3 g.; m. p. 68—70°) addition of picric acid (1-0 g.) in ethanol (25 c.c.) to the hot filtrate 
precipitated 1-methyl-4-quinazolone picrate (0-5 g.), m. p. and mixed m. p. 243—245° (decomp). 

o-Methylaminobenzonitrile.—Anthranilonitrile (11-8 g.):and dimethyl sulphate (16 g.) were 
boiled in 2N-sodium hydroxide (60 c.c.) for 1 hr. The oil (3-5 g.) which separated solidified 
and was twice crystallised from light petroleum, giving *0-methylaminobenzonitrile (2-0 g.), 
m. p. 64—68° (lit.,® m. p. 70°) (Found: N, 21-0. Calc. for C,H,N,: N, 21:2%). 

o-N-Methylformamidobenzonitrile—o-Methylaminobenzonitrile (0-5 g.) and formic acid 
(3-0 c.c.; d 1-2) were heated at 50—55° for 1 hr. The excess of formic acid was removed by 
evaporation at 50°/20 mm. and the oily residue extracted with light petroleum (b. p. 40—60°; 
10 c.c.) to yield a yellow solid, m. p. 40—44°, which did not depress the m. p. of the starting 
material. A second similar extraction of the residue gave o-methylformamidobenzonitrile, 
m. p. 64—67° (a mixture with o-methylaminobenzonitrile melted at 35—40°). It crystallised 
from benzene-light petroleum as needles, m. p. 69—70° (Found: C, 67-3; H, 5-0%). The 
residue from the light petroleum extractions was impure o-N-methylformamidobenzamide, m. p. 
85—95°. 

o-N-Methylformamidobenzamide.—The preceding amido-nitrile (0-5 g.) and formic acid (1-0 
c.c.; @ 1-2) were boiled for 1 hr. The excess of acid was removed by evaporation in vacuo, the 
residue solidifying. After crystallisation from benzene the product had m. p. 110—113° 
(Knape } gives m. p. 113°). 

Quinazoline Methiodide.—Quinazoline (1-5 g.) and methy] iodide (1-15 c.c.) were left together 
overnight. The very deliquescent hard yellow methiodide, m. p. (sealed capillary tube) 165°, 
was dried for analysis over phosphorus pentoxide at 80°/2 mm. (Found: N, 9-95; I, 46-25. 
C,H,IN, requires N, 10-3; I, 46-65%). 

3,4-Dihydro-4-hydroxy-3-methylquinazoline (X1).—The methiodide (from 4-4 g. of quin- 
azoline) in water (30 c.c.) was treated with 33% aqueous potassium hydroxide (6 c.c.), and the 
solid (3-7 g., 68%) was collected; it had m. p. 158° (Gabriel and Colman ? give m. p. 162—163°; 
Schépf and Oechler ¥* give m. p. 164—165°). With picric acid it gave 3-methylquinazolinium 
picrate, also obtained from aqueous quinazoline methiodide and picric acid. The picrate 
separated from alcohol as yellow solvate, m. p. 180° (Found: C, 48-4; H, 4-35; N, 16-75. Calc. 
for C,,H,,N,0,,C,H,O: C, 48-7; H, 4:1; N, 16-7%). Schépf and Oechler ™ give m. p. 145— 
146°. A sample prepared by their method melted at 180° and did not depress the m. p. of our 
sample; the infrared absorptions were identical. Both samples melted when placed in a bath 
preheated to 145°, then resolidified and remelted at 180°. The alcohol of crystallisation is 
probably lost at the first m. p. 
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Oxidation of 3,4-Dihydro-4-hydroxy-3-methylquinazoline.—To the pseudo-base (0-5 g.) (from 
quinazoline methiodide) in acetic acid (8 c.c.) was added at 60° during 20 min. a solution of 
chromium trioxide (0-42 g.) in 66% aqueous acetic acid (3 c.c.). The mixture was heated at 
60° for an additional 2 hr. and poured into a solution of picric acid (1 g.) in hot water (20 c.c.). 
The picrate (1-2 g., 100%) of 3-methyl-4-quinazolone separated immediately; it had m. p. (from 
alcohol) 208°, as did a mixture with the picrate (m. p. 208°) prepared from 3-methyl-4- 
quinazolone (Schépf and Oechler ** give m. p. 209—210°; Morley and Simpson,* m. p. 215— 
216°) (Found: C, 46-4; H, 3-2; N, 17-9. Calc. for C,,H,,N,;O,: C, 46-3; H, 2-9; N, 18-0%. 
The infrared absorptions of the two picrates were identical. 

Degradation of 3,4-Dihydro-4-hydroxy-3-methylquinazoline.—The compound (3-5 g.) was 
steam-distilled with potassium hydroxide (see Gabriel and Colman ), the volatile oil (1-8 g.) 
mixed with hydrochloric acid (4 c.c.; d 1-18), and the bright red dihydrochloride (1-1 g.) of 
o-o’-aminobenzylideneaminobenzaldehyde methylimide collected. The same substance (2 g.) 
was obtained by action of hydrochloric acid on N-o-aminobenzylidenemethylamine (3-2 g., 
from 3-4 g. of o-aminobenzaldehyde). The free bases liberated from the hydrochlorides by 
ammonia melted, after recrystallisation from alcohol, at 192°, as did their mixture (Gabriel and 
Colman * record m. p. 190°). 

1-Methyl-2-quinolone.—2-Methylthioquinoline methiodide (1-59 g.) was kept in N-sodium 
hydroxide (5 c.c.) for 72 hr. The oily product was extracted in chloroform and the solvent 
removed. Crystallisation of the residue from light petroleum (b. p. 40—60°; 20 c.c.) gave 
]-methyl-2-quinolone (0-3 g.), m. p. and mixed m. p. 69—70°. 

N-Methyl-o-methylaminobenzamide (X).—N-Methylisatoic anhydride (11-7 g.), water 
(30 c.c.), and 30% methylamine solution (15 c.c.) were heated on a water-bath for 20min. The 
mixture rapidly became oily but later a clear solution was obtained. Extraction with ether 
gave N-methyl-o-methylaminobenzamide (10-5 g.), b. p. 199—201°/22 mm. After two 
crystallisations from cyclohexane this formed needles, m. p. 43—45° (Found: C, 66-5; 
H, 7-05; N, 16-95. C,H,,.N,O requires C, 65-85; H, 7-35; N,17-05%). The picrate was obtained 
as yellow laths (from ethanol), m. p. 184—186° (decomp.) (Found: C, 46-15; H, 3-85; N, 17-45. 
C,;H,,N,O, requires C, 45-8; H, 3-85; N, 17-8%). It did not depress the m. p. of the picrate 
(0-5 g.; m. p. 184—185°) obtained from the oil formed by treating dihydro-1,3-dimethyl-4- 
oxoquinazolinium iodide (VII; Y = O) (0-5 g.) with alkali according to Morley and Simpson’s 
procedure * (Found: C, 46-1; H, 4-15; N, 17-75%) (Morley et al. give m. p. 188—189° and 
comparable analytical figures). The two picrates had identical infrared absorption curves. 

4-Ethylthioquinazoline (I; R = SEt).—Quinazoline-4-thione (60 g.), 20% aqueous sodium 
hydroxide (60 ml.), ethanol (150 ml.), and ethyl bromide (50 ml.) were heated on a water-bath 
for 3hr. After dilution with water the liquors were extracted with benzene, the extracts were 
dried (K,CO,) and evaporated, and the residue distilled (b. p. 174°/16 mm.), From light 
petroleum the 4-ethylthioquinazoline (18 g.) formed crystals, m. p. 33—35° (Found: C, 62-75; H, 
5:3; S, 16-65. C, 9H, N,S requires C, 63-1; H, 5-3; S, 16-85%). 

1-Ethyl-4-ethylthioquinazolinium Iodide.—4-Ethylthioquinazoline (5 g.) and ethyl iodide 
(5 ml.) were refluxed for 6 hr. The product was ground with dry acetone, filtered, washed with 
a little acetone, and dried. The salt (5-5 g.), crystallised three times from ethanol, formed 
yellow crystals (2 g.), m. p. 152—156° (Found: S, 9-25; I, 36-3. C,.H,,IN,S requires S, 9-25; 
I, 36-65%). With boiling 10% aqueous sodium hydroxide it gave N-ethylanthranilic acid, 
m. p. and mixed m. p. 155—158°.5 

1-Ethyl-1,4-dihydro-4-thioquinazoline.—4-Ethylthioquinazoline (7-6 g.) and ethyl toluene-p- 
sulphonate (8 g.) were heated together for 6 hr. at 145—150°, allowed to cool, and treated with 
sodium sulphide (9-6 g.) in water (50 ml.); during 72 hr. at room temperature some orange- 
coloured solid separated; this was filtered off and the filtrate extracted with benzene. The 
benzene extracts were evaporated to dryness to give an orange solid product (4-7 g.), that from 
ethanol formed orange crystals, m. p. 146—149° (Found: N, 14-75; S, 16-9. C, 9H, N.S requires 
N, 14-75; S, 16-85%). 

1-Ethyl-4-methylthioquinazolinium Iodide.—1-Ethyl-1,4-dihydro-4-thioquinazoline (3-8 g.) 
and dry methyl iodide (4 ml.) were heated for 4 hr., then cooled, ground with dry acetone, 
collected, washed with acetone, and dried. The orange-yellow product (5-5 g.), crystallised three 
times from ethanol, had m. p. 198—199° (1-5 g.) (Found: S, 9-2; I, 38-2. C,,H,,IN,S requires 
S, 9-65; I, 38-2%). 

5 Houben and Brassert, Ber., 1906, 39, 3237. 
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4-Methylthioquinazoline (3-5 g.) and ethyl iodide (4 ml.) yielded, as above, the same product, 
m. p. and mixed m. p. 198—200°. 

4-Ethylthio-1-methylquinazolinium Iodide.—1,4-Dihydro-1-methy1-4-thioquinazoline (1-76 g.) 
was heated in warm chloroform (50 ml.) with dry ethyl iodide (2 ml.) for 16 hr., the solvent was 
removed im vacuo, and the residual solid ground with dry acetone, collected, washed with 
acetone, and dried. The yellow product (2-7 g.) had m. p. 154—155° (Found: S,9-7. C,,H,,IN, 
requires S, 9-65%). On attempted crystallisation from ethanol some ethanethiol was eliminated 
and the solid which crystallised was less pure. 

(b) 4-Ethylthioquinazoline (1-9 g.) and dry methyl iodide (2 ml.) gave the same iodide 
(3-2 g.), m. p. and mixed m. p. 156-5—157-5° (Found: S, 9-65%). 

1,1’-Diethyl-4,4’-quinazacarbocyanine Iodide.—4-Methylquinazoline (3 g.) and ethyl] toluene- 
p-sulphonate (4 g.) were heated together at 140° for 3 hr. The quaternary salt was then dis- 
solved in dry pyridine (30 ml.), ethyl orthoformate (8 ml.) added, and the solution boiled for 
3 hr. The deep blue solution was poured into an aqueous solution of potassium iodide (10 g.), 
The dye which separated on cooling was filtered off and from methanol formed green crystals 
(1-3 g.), m. p. 286°; Amax, 600 (4:80), 650 my (5-22) (Found: I, 26-75. C,3H,3IN, requires 
I, 26-3%). 


We thank Drs. J. Ross and G. A. Snow and Mr. H. G. Suggate for preliminary experiments, 
Mr. R. W. Burrows for technical assistance, Miss J. Connor and Miss W. Rhodes for the micro- 
analyses, and Miss J. Verhulsen and Mr. L. R. Brooker for the absorption data. 
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980. The Reactions of Alkyl Radicals. -.Part VIII.* Isobutyl 


Radicals from the Photolysis of Isovaleraldehyde. 


By Ermeen L. METCALFE and A. F. TROTMAN-DICKENSON. 


The photo-initiated chain decomposition of isovaleraldehyde has been 
studied, and a mechanism accounting for the rates of formation of the 
principal products constructed. On the assumption that the rate constant 
for the combination of isobutyl radicals is given by log k (mole! cm.® sec.-4) = 
14, the following Arrhenius parameters of the principal rate-determining 
reactions have been found (A in mole! cm.’ sec.*! or sec.1; E in kcal. mole“): 


The behaviour of isobutyl is compared with that of other alkyl radicals. 


EARLIER papers in this series recorded the reactions of ethyl,‘ n-propyl, isopropyl,’ 
n-butyl,? and t-butyl ® radicals produced in the photo-initiated chain decomposition of 
the appropriate aldehydes. This paper records a parallel study of isobutyl radicals from 
isovaleraldehyde. The photolysis of this aldehyde has not previously been fully studied 
over a range of temperatures, although the rates of the combination, disproportionation, 


* Part VII, Birrell and Trotman-Dickenson, J., 1960, 4218. 


1 Kerr and Trotman-Dickenson, Tvans. Faraday Soc., 1959, 55, 572. 
* Kerr and Trotman-Dickenson, Trans. Faraday Soc., 1959, 55, 921. 
* Kerr and Trotman-Dickenson, J., 1960, 1602. 

* Kerr and Trotman-Dickenson, J., 1960, 1611. 

5 Birrell and Trotman-Dickenson, /., 1960, 4218. 
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and abstraction reactions of isobutyl radicals produced by the photolysis of di-isohutyl 
ketone have been measured.® 


Experimental.—The apparatus and procedure were substantially the same as those previously 
employed, except that a quartz lens was used to focus the light, and in some runs the intensity 
of illumination was increased by the introduction of a concave cylindrical aluminium reflector 
behind the lamp. The condensable fraction of the products was analysed on a column 
(135 x 0-5 cm.) packed with 3% dinonyl phthalate/60—90 mesh activated alumina, which was 
heated during the analysis and rose from 20° to 140° in 70 min. From run 42 onwards the 
carbon monoxide was oxidised with iodine pentoxide (145°) in place of copper oxide (260°). 
Isovaleraldehyde (L. Light and Co.) was shown to be pure by gas chromatography. 


RESULTS AND DISCUSSION 


Table 1 records the conditions, products, and rate constants derived from the runs, 
These results show that all the reactions listed below occur during the photolysis. 
Deductions can be made about the rate constants of the reactions designated by a simple 
number. 

The Photolytic Act, (a), (b), (c), and (d).—The primary process in the photolysis of iso- 
valeraldehyde has not been fully investigated though Bamford and Norrish * showed that 


f MSH O00 bi -@ te asia ate 
—& (CH) CH+CO 2. 2. ew wee es @ 

—— > Chip + CHyCMO 6 cs ele er ew 1 @ 
| —e C,H, + CH, + CHO tudo aul bo 


(CH,),CH*CH,*CHO + hy 


k 
SA a Osis as 4s te uw nls 24: cacy So a 


hy 
2CgHy ——P Cy Hyp + C,He a a aad: 


k 
CyHy + CyHyCHO —P CH + GHyCO . . 1... ss 
CyHy-CO — C,H, + CO . 


C,H, + CyH,*CHO as Cayo + CyHyCHO 
C,HyCHO — C,H, + CHO 
CHO + CyHy*CHO —t H,CO + C,H,CO 
CHO —— H + CO 
H + CyHyCHO — H, + C,H,°CO 


k 
C,H, — CH, + CsH, 
CHg + CyHyCHO —t CH, + C,Hy-CO 
2CH, — C,H, . 


k 
Ue SS SS Sa ae 


both (a) and (5) occurred. The present work does not give quantitative data about the 
processes, but the results show that they all occur. At low temperatures the rate of 
production of isobutane is roughly constant; it is presumably produced by (b). The rate 
of production of propene, when corrected to unit aldehyde concentration and unit light 
intensity, is roughly constant from 26° to 206°; it is produced by (c), or possibly by (d). 
The runs below 70° show that (c) of (d) accounts for about 60% of the decomposition of the 
aldehyde. Kraus and Calvert? state that this type of primary process will occur in any 
* Bamford and Norrish, J., 1935, 1504. 


? Kraus and Calvert, J. Amer. Chem. Soc., 1957, 79, 5921; see also ref. 6 and earlier papers in the 
series by Norrish and his co-workers. 
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aldehyde or ketone with a straight side-chain of three or more carbon atoms, and also that 
it will increase in importance as the number of y-hydrogen atoms increases, because a 
y-hydrogen atom is transferred to the «a-carbon atom as the bond between the «- and the 
8-carbon atom breaks. Process (c) occurs in the photolyses of n-butyraldehyde,! n- 
valeraldehyde,? and 1-methylbutyraldehyde ® and is most important for isovaleraldehyde 
which has six y-hydrogen atoms. Process (d) is postulated as well as (c) because there is a 
small constant rate of methane production at low temperatures. It is unlikely that all the 
methane is a secondary product from, say, the photolysis of acetaldehyde. 

Combination of Isobutyl Radicals (1).—This reaction is the source of 2,5-dimethylhexane 
in the products, which is formed according to the equation Rox,, = k,[CyHg]*. This rate 
constant has never been measured; for the purpose of the description of the experimental 
results, it has been assumed that k, = 10! mole cm.3 sec.*1. 

Disproportionation of Isobutyl Radicals (2).—Twelve runs that provide direct inform- 
ation on k, were carried out between 26° and 124° with concentrations of aldehyde between 
1 and 2 x 10* mole cm.**. Direct comparison of the rates of formation of isobutene and 
the octane gave the disproportionation-combination ratio: k,/k; = Rox,/Re,n,,. The 
logarithms of this ratio are plotted against the reciprocal of the absolute temperature in the 
Figure. The results, calculated by the least-squares method, give E, — E, = 0 and 
A, = 0-165A,. Therefore log k, (mole cm. sec.) = 13-21 + 0-03. 

The value of 0-165 does not agree with that of 0-42 found by Kraus and Calvert ? from 
the photolysis of di-isobutyl ketone. Their value is probably too high because isobutene 
can be produced both by disproportionation and by the decomposition of the radical 
formed when isobutyl abstracts hydrogen from its parent ketone. 

If k,/k, = 0-42, then their results yield by least squares 


log k, (mole cm.’ sec.) = (11-40 + 0-20) — (7560 +- 360)/2-3RT 


for the abstraction reaction (7). If the value of k,/k, = 0-165 found in this work is used in 


hy 
CH, + CyHy*CO°CyH, — CyHip + CHyCO"CJH, . 2 2... 
the recalculation of Kraus and Calvert’s results, then 
log k, (mole cm.3 sec.1) = (11-06 + 0-09) — (6830 + 160)/2-3RT 


Thus the errors are halved by the adoption of the lower value of k,/k,. It is impossible 
to derive an accurate value of k,/k, from Kraus and Calvert’s work but their results are 
compatible with the value obtained here. 

Abstraction of Hydrogen Atoms from Isovaleraldehyde (4).—Above 178° the rate of 
formation of isobutene rose sharply. The temperature is too low for decomposition of the 
isobutyl radical. The extra isobutene can be accounted for by reaction (4) followed by 
(4a). Hence, 

C,H, (reaction 4a) = C,H, (total) — C,H, (reaction 2) 
= C,H, (total) — 0-165C,H,, 


where the reactions noted in parentheses are those by which the products are formed. 
Therefore, 


Roxn,, (reaction 4) = Roy, (reaction 4a) = k, (C,H,][CyHy°CHO}] 
and k,/kyt = Ron, (reaction 4a)/Ro,x,,4 (CgHy*CHO] 


The values of this ratio between 178° and 307°, plotted in the Figure, and calculated by 
the least-squares method, yield 


log k, (mole cm.’ sec.) = (12-62 + 0-05) — (12,700 + 200) /2-3RT 
* Gruver and Calvert, J. Amer. Chem. Soc., 1956, 78, 5208. 
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The runs at 307° were neglected in this calculation because some isobutene may be 
produced by reaction (6) at this temperature. 

Reactions (4c) and (4d) are postulated because the rate of hydrogen production 
increased with that of isobutene. Reaction (4d) is suggested because it is known to follow 
the reaction analgous to (4) in the photolyses of n-butyraldehyde,! isobutyraldehyde,? and 
pivalaldehyde,' but it is less certain in the case of isovaleraldehyde because the rate of 
hydrogen production was always greater than that of isobutene. It is probable that the 
hydrogen atom abstracted in reaction (4) is the tertiary atom, because the radical thereby 
produced can form isobutene directly. 

Abstraction of Hydrogen Atoms from Isovaleraldehyde (3).—According to the mechanism, 
the rate of attack of isobutyl on the carbonyl hydrogen atom in isovaleraldehyde can be 
taken as 

Rox, — Rowe — Rowe 


Hence k,/k,* = Rox, — Rox,/Ro,n,,*(CyHg*CHO]. 


At the temperatures considered no isobutene was produced by decomposition of iso- 
butyl, so 


Rox, (total) = Rox, (2) + Ro, (44) 
k,/k,* was determined in 19 runs between 117° and 230° at aldehyde concentrations between 


0-7 and 3-1 x 10° mole cm.*. The results, plotted in the Figure and calculated by the 
least squares method, yield 


log k, (mole cm.3 sec.) = (11-71 + 0-07) — (6500 +. 100)/2-3RT 


The changes in aldehyde concentration and a change in light intensity produced by the 
use of the reflector in some runs did not affect the rate constants. A series of five con- 
secutive runs in which log k,/k,* was uniformly slightly high has been rejected: an impurity 


was probably present in the aldehyde, because a fresh sample yielded normal rate 
constants. 

Decomposition of Isobutyl to Propene (5).—Above 279° the rate of formation of propene 
rose sharply. This was attributed to reaction (5) and hence, 


k,/kyt = {Ron, (total) — Rox, (initial act)}/Ro,x,,! 


For 25 runs below 206° the rate of propene production, corrected to unit aldehyde con- 
centration and unit light intensity, varied between 11-4 and 34-4 x 10! moles cm.* sec.*. 
On average Rox, (initial act)/[CyHyCHO)Rox,, = 9-5. 

This correction was applied in the calculation of k;. At the lowest temperature at 
which k, was determined the propene from the initial act was 40% of the total, but at the 
highest temperature it contributed less than 1% to the total propylene. 

At these temperatures the runs were short and the amount of octane produced was too 
small to be measured; it was therefore calculated from Rox,,, ’,, ks, and ky. Eight runs 
between 279° and 417° are plotted in the Figure, and the results, calculated by the least- 
squares method, give 


log k, (sec.1) = (12-82 + 0-08) — (26,200 + 300)/2-3RT 
Similarly, from the mechanism, 
ks/ky* = (Ron, + 2Ro,n,)/Rou,,* 


Even at the highest temperatures the amount of ethane produced was very small, and 
was neglected. The results, calculated by least squares from the rate of methane 
production, give 


log k, (sec.2) = (12-36 + 0-31) — (24,700 + 1100)/2-3RT 
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The results calculated on methane show less precision than those calculated on propene, 
put they almost agree within experimental error. 

Decomposition of Isobutyl to Isobutene (6).—Above 329° the rate of formation of iso- 
butene rose sharply and could no longer be accounted for by reactions (4) and (4a). This 
was attributed to reaction (6), and hence 


ke/kyt = {Rou, — Row, (reaction 4a) — Roy, (reaction 2)}/Ro,un,,* 
or helk,? a Ry,/Ro,x,,'- 


The rate of octane formation was again calculated from Rogx,,, %, kg, and ky. The 
jsobutene from reaction (4a) was calculated; that from reaction (2) was negligible. Five 


10°/7 
2s . 30 


T T 





2 


Arrhenius plots for the reactions of iso- 
butyl: (2) disproportionation, k,/k,; 
(3) hydrogen abstraction, k,/k,4 (mole-+ 
cm.~3 sec.-t); (4) hydrogen abstraction 
from alkyl group, k,/k,t (mole-+ cm.-3 
sec.) ; (5) decomposition to methyl and 
propylene, 10°,/k,t (molet cm.-3 
sec.-t)—open circles, results based on 
propene; filled circles and line, results 
based on methane (which are displaced 
upwards by 0-4 log unit); (6) decom- 
position to hydrogen and isobutene, 
10°, /k,t (mole cm.-3 sec.-4). 
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runs between 329° and 417° at aldehyde concentrations of about 0-9 x 10 mole cm." are 
shown in the Figure, and yield 


log k, (sec.t) = 13-0 — (30,700/2-3RT) 


The rate constants calculated on the rate of production of hydrogen were very scattered 
but in each case gave higher values than those calculated on the isobutene production. 
It is believed that the hydrogen analyses were unreliable, because it is difficult to determine 
small amounts of hydrogen in the presence of large amounts of carbon monoxide and 
methane. 

Comparison of Isobutyl with Other Alkyl Radicals.—The value of E, — E, = 0 for the 
disproportionation reaction is in agreement with previous work on the alkyl radicals, with 
the exception of n-butyl,? which shows a small activation energy for disproportionation 
(see Table 2). 

The Arrhenius parameters for the abstraction reaction (3) agree fairly well with those 
of other alkyl radicals; also log ks at 182° is similar to the other abstraction-rate constants. 
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The activation energy for the decomposition to methyl and propene is close to the 
value for the heat of reaction (25 kcal. mole) (see Table 3). This is true for all alkyl 
radicals that decompose to give methyl and an alkene without rearrangement. However, 


TABLE 2. The reactions of alkyl radicals. 


Radical R Et 4 Pre! Pri? Bu" 3 Bu* ® Bu! But 5 
Reaction 
2R = R, 14-0, 0 14-0, 0 14-0, 0 14-0, 0 14-0, 0 14-0, 0 14-0, 0 
100° 14-0 14-0 140 oan 0 14-0 14-0 14-0 
2R = Alkane + Alkene 13-2, 0 13-2, 0 13-8, 0 4-6,1:3  143,0 13-2, 0 14-6, 0 
100° 13-2 13-2 13:8 “3 9 143 13-2 146 
R + R-CHO = RH + RCO _11-1,5-9 11-3,6-7 11-3,6-3 10-9, 5-4 10-7,4-9 11-7,6:5 10-5, 4-3 
182° 8- 3 8-3 8-3 8- 8-3 8-6 8-4 


3 
a et RCO 12:0,7:5 11-8, 7:3 12-6, 87 12-1, 8-0 13-1, 10-4 12-3, 8-4 13-0, 10-2 
2 


8-2 83 8-4 8: 8-2 8-2 8-2 
R= a -+- Alkene 14-0, 40 13-6, 35 13-8, 37 —_ - 13-0, 31 16-3, 44 
400° 11 2-2 18 — 3-0 2-2 
R = CH, + Alkene — 11-7, 25 12-0, 3: 2:1, % ‘7,24 128,26 16-0, 46 
400° . ' 9 ’ 43 Y 
R = C,H, + Alkene — 
400° . - —_ 4 : . 
R + C,H, = Radical 121,86 109,65 114,69 11-1, 7-3 - - 2, 7:1 
142° 76 75 78 73 . . 
The A factors (log, in ordinary type) and the rate constants (log, in bold type) are in sec.~! and 
mole cm.* sec.-!. The activation energies (italics) are in kcal. mole“. 


TABLE 3. The decomposition of alkyl radicals. 
Et ¢ Pre? Pr’ Bu" Bu § 
Loss of hydrogen 


39 37 41 
40° 35 37 


(29) (22) 
33 27 
-—- 23 
~ 22 
AH and E are in kcal. mole". 


AH based on D(Me-H) = 102-5 ‘5, D(primary—H) = 97, D(secondary—H) = 93, D(tertiary-H) = 90 
The values of AH in parentheses indicate that the reaction involves a rearrangement. 


E, is certainly low because the activation energy for the addition of methyl to propene has 
been estimated to be 6 kcal. mole™,® in line with activation energies found for other 
addition reactions. 

The activation energy for the decomposition to hydrogen and isobutene is again 
probably low, because in common with those of the other alkyl radicals that decompose to 
give hydrogen without rearrangement, it is a few kcal. mole less than the heat of reaction 
(see Table 3). 

The A factors for both decompositions should be 10% sec.", if the entropies of the 
radicals and the A factors for the addition reactions are assumed to be normal. In both 
cases the experimental A factors are close to this value. 


Acknowledgment for a grant is made to the donors of the Petroleum Research Fund, 
administered by the American Chemical Society. 
CHEMISTRY DEPARTMENT, EDINBURGH UNIVERSITY. (Received, May 30th, 1960.) 


* Mandelcorn and Steacie, Canad. ]. Chem., 1954, 474. 
10 Bywater and Steacie, ]. Chem. Phys., 1951, 19, 326. 
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981. Thiocyanogen Trichloride. Part II.1 Derived Dichlorothio- 


cyanato-compounds, particularly from Alcohols and Amines, and 
Their Decomposition Products. 


By R. G. R. Bacon and R. S. Irwin. 


Further reactions of thiocyanogen trichloride are described and are 
interpreted as involving initial production of dichlorothiocyanato-derivatives: 
CIS:CCI-NCl —» XS:CCI-NCI.* The latter are frequently unstable and the 
products isolated may arise from their decomposition. Alcohols initially 
form dichlorothiocyanogen S-alkoxides (X = OR), which lose cyanogen 
chloride, and this is converted into a carbamate, NH,*CO,R, by excess of 
alcohol. Secondary amines give amine-N-dichlorothiocyanates (X = NR,), 
which decompose to amine-N-sulphenyl chlorides, R,N-SCl, and these are 
converted into thiobisamines, R,N-S:NR,, by reaction with more amine. 
Addition of thiocyanogen trichloride to ethylene occurs less readily than 
to cyclohexene, while addition to acetylene requires photo-initiation. 
Irradiation is also necessary to effect homolytic substitution by thiocyanogen 
trichloride in the methyl group of toluene, but benzyl dichlorothiocyanate 
was not obtained pure, either by this method or from thiocyanogen tri- 
chloride and benzylmagnesium chloride. The dichlorothiocyanato-group 
may be regarded as pseudohalide in type. Some related compounds are 
prepared, including bis(bromochlorothiocyanogen), an analogue of the 
bis(dichlorothiocyanogen) previously described. 


In an earlier paper + the structure ClS*CCI;NCl was assigned to thiocyanogen trichloride 
from chemical and infrared spectral evidence.* Its resemblance to sulphenyl chlorides, 
R-SCl, was exemplified by its addition to cyclohexene, giving 2-chlorocyclohexyl dichloro- 
thiocyanate, C,H,,Cl*S-CCI-NCI, and by its reaction with iodide ion to give bis(dichlorothio- 
cyanogen), which was assigned the disulphide structure, (S‘CCI;NCl),. Like thiocyanogen 
trichloride, these dichlorothiocyanato-compounds were reasonably stable when pure, but 
otherwise gradually lost cyanogen chloride, which polymerised to cyanuric chloride. 
Further reactions, all involving fission of the Cl-S bond of thiocyanogen trichloride, 
giving dichlorothiocyanato-compounds, at least as primary products, are discussed in 
the present paper. Particular attention has been paid to the reactions with alcohols and 
with secondary amines; their primary products, RO*S-:CCI-NCl and NR,°S-CCI-NCI respect- 
ively, lose cyanogen chloride very easily. 

Reaction with Alcohols.—A very vigorous and extensive decomposition occurred when 
thiocyanogen trichloride was treated with ethanol, but a restricted reaction was effected 
by using equimolecular proportions in an inert solvent. Hydrogen chloride was then 
instantly evolved and the solution contained a distillable but unstable liquid which was 
presumably dichlorothiocyanogen S-ethoxide, EtO*S:CCI;NCl. It began to deposit 
cyanuric chloride soon after distillation. Since acidic contaminants could have been a 
cause of its decomposition, a preparation was also carried out with a suspension of sodium 
ethoxide in place of ethanol, but the stability of the derivative was not thereby improved. 
When thiocyanogen trichloride was treated, in the absence of a solvent, with a large 
excess of a primary or secondary alcohol, the products consisted of hydrogen chloride, 
sulphur chlorides, sulphur dioxide, sweet-smelling liquids, gums, and carbamic esters of 

* It was pointed out in Part I that the preparation of thiocyanogen trichloride can be formulated 
in two ways; one suggests the structure CIS-CCI°NCl, and the other leads to the possibility of this or 
CIS‘N:CCl,. To avoid unnecessary ¢omplication in representing the course of reactions, the latter 
structure has been disregarded in this paper. If it is the true structure, the formulz of initially formed 
derivatives would be XS+N:CCl,, but the name “ dichlorothiocyanate ’’ could still conveniently be applied 


to the group -S-N:CCl, and, after loss of cyanogen chloride, the end products of reactions would be the 
Same as those discussed in this paper. 


1 Part I, Bacon, Irwin, Pollock, and Pullin, J., 1958, 774. 
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the alcohols. Carbamates were thus prepared from methyl, ethyl, n-propyl, isopropyl, 
n-butyl, isobutyl, s-butyl, and benzyl alcohols. Yields, calculated on thiocyanogen 
trichloride, were in the range 20—40%, except for that of methyl carbamate, which was 
66%. The following sequence of reactions appears to be involved: 


ROH + CIS*CCI-NCI ——t» RO*S*CCIINCI -+ HCI 
RO*S*CCIENCI —— RO*SCI + CICN 
RO*SCI ——# Decomposition products 
3CICN —— (CICN); 
or 2ROH + CICN —— RCI + NH,°CO,R 


The dichlorothiocyanogen S-alkoxides, presumed to be the primary reaction products, 
are structurally related to sulphenic esters, RO-SR’, many examples of which have been 
analogously prepared from sulphenyl chlorides.2* The sulphenates have far greater 
stability than these dichlorothiocyanato-compounds; e.g., decompositions of esters with 
the structure RO-SR’ [R = But, Bu’, cyclohexyl; R’ = CCl, Ph, 2,4-(NO,),C,H,] are 
reactions which occur at 120—200°.4 The final step in the sequence shown above is a 
preparative method for carbamates which was reported long ago,® but has apparently 
not since been investigated. It seems to be difficult in the case of t-butyl alcohol, since 
no carbamate was isolated when excess of this alcohol was used under the usual conditions. 
Instead, cyanuric chloride was deposited and the solution yielded a distillable liquid, 
presumably dichlorothiocyanogen S-t-butoxide, which decomposed similarly to the 
ethoxy-derivative, though not quite as rapidly. No reaction was observed when a mixture 
of thiocyanogen trichloride and triphenylmethanol was briefly kept at 100°. 

Reaction with Secondary Amines.—As a preliminary to studying reactions with amines, 
the effect of ammonia on thiocyanogen trichloride was examined. Admixture with a 
large excess of ammonia in ether led to a very fast reaction which principally involved 
only one of the three chlorine atoms, since ammonium chloride was obtained in an amount 
very little greater than is required by the reaction: 


CIS*CCISNCI + 2NH, ——3 NH,°S°*CCIENCI + NH,Cl 


As expected, the product in solution was highly unstable and decomposed violently when 
the solvent was removed. To obtain N-dichlorothiocyanato-compounds of optimum 
stability, the use of secondary amines was necessary. Investigations with dimethylamine, 
diethylamine, di-isopropylamine, di-s-butylamine, dicyclohexylamine, piperidine, and 
morpholine showed that the reaction could be conducted in three clearly defined stages: 
formation of an amine-N-dichlorothiocyanate and amine hydrochloride; decomposition 
of the dichlorothiocyanato-compound to an amine-N-sulphenyl chloride and cyanogen 
chloride; conversion of the amine-N-sulpheny] chloride into the thiobisamine by treatment 
with more amine: 


2NHRg -+ CIS*CCINC] ——B> R,N*S*CCIINCI+ NHR,HCL. . 2... (I) 
RINS*CCENC] ——Be RANSCI+CION . - 5 2 2 se ee @ 
2NHR, + RygN*SCl ——w RN‘S‘NR, + NHR,HCl . . . . . . . Q) 


(NRg = NMeg, NEt,, NPr!,, NBu*,, dicyclohexylamino, piperidino, morpholino.) 


Reaction (1) occurred spontaneously, exothermally, and quantitatively when the 
reagents were mixed in ethereal solution. The N-dichlorothiocyanates of dicyclohexyl- 
amine and piperidine were thus obtained as white crystals, and the others as liquids, when 


2? Kharasch, Potempa, and Wehrmeister, Chem. Rev., 1946, 39, 269. 

* Kharasch, McQuarrie, and Buess, J. Amer. Chem. Soc., 1953, '75, 2658; Goodman and Kharasch, 
ibid., 1955, 77, 6541; Langford and Kharasch, J. Org. Chem., 1957, 22, 1673; 1958, 23, 1694; Sosnovsky, 
J. 1956, 3139. 

4 Irwin and Kharasch, /. Amer. Chem. Soc., 1960, 82, 2502. 

§ Echevarria, Annalen, 1851, 79, 110; Wurtz, ibid., p. 280; Nef, ibid., 1895, 287, 317. 
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solvent was removed. The infrared spectrum of N-dichlorothiocyanatodicyclohexyl- 
amine showed strong bands in the 900 and 1600 cm." regions, attributed to the group 
SCNCI,.1_ Change occurred in these solids, even at —20°, causing liquefaction and loss 
of weight, corresponding with decomposition according to equation (2). All the N-di- 
chlorothiocyanates were completely converted into liquid N-sulphenyl chlorides in 1 hr. 
at 40—50°. 

Reactions (1) and (2) provide a new preparative method for N-sulphenyl chlorides of 
secondary amines. Members of this class have been prepared in recent years by chemists of 
Farbenfabriken Bayer A.-G. using the reaction: R,N-S*S:-NR, + Cl, —» 2R,N°SCI. 
Dorlars has summarised this work in a review ® which was not available at the time of our 
investigation. By vacuum-distillation we obtained analytically pure dimethylamine- 
and diethylamine-N-sulphenyl chloride, but the higher-boiling members of the group were 
subjected to reaction (3) without preliminary distillation. Dorlars * gives some examples 
of the reactivity of the S-Cl bond in these chlorides. We observed an unreported type ot 
reaction between cyclohexene and dimethylamine-N-sulpheny] chloride, which presumably 
involved an addition to the olefinic bond, similar to that shown by C-sulpheny] chlorides,”»? 
giving a 2-chloro-l-sulphendialkylamide, —-CHCI*CH(S:NR,)-; this product underwent 
much decomposition during attempted distillation. Another probable reaction of 
N-sulphenyl chlorides is substitution in activated aromatic nuclei, since the chlorides 
expected at stage (2) in reactions of thiocyanogen trichloride with diphenylamine or with 
N-methylaniline readily decomposed, with evolution of hydrogen chloride, to give 
intractable solid products, attributed to polycondensation. It is known ® that C-sulphenyl 
chlorides cause substitution in phenols or aromatic amines without the aid of catalysts. 

Reactions of the N-sulphenyl chlorides with more of the secondary amine occurred 
vigorously in ether, in accordance with equation (3), to give crystalline thiobisamines 
(NR, = dicyclohexylamino-, piperidino-, morpholino-) or distillable liquids (R = Me, 
Et, Pr’), in yields varying from 87% (R = cyclohexyl) to 7% (R= Pr’); the s-butyl 
derivative could not be distilled without decomposition. Some of these thiobisamines 
had previously been prepared *!° by the reaction: 


4NHR, + SClz ——3 S(NRg), +- 2NHR,,HCI 


We attempted to prepare two examples of unsymmetrical thiobisamines by the use of a 
different amine at stage (3): 


R,N°SCI -- 2NHR’, ——3 R,N*S*NR’, -+ NHR’,,HCI 


However, the only products isolated were the symmetrical compounds, S(NR’,),. This 
suggests the occurrence of an exchange reaction: 


2R,N‘S*NR’, === S(NRq)s -+ S(NR’s) 


Possibly this is a stepwise process, in which the hydrochloride of the secondary amine has 
a catalytic function: 
RgN-S*NR’, + NHR’;,HC! === RyNH + CIS*NR’, + NHR’, 
CIS*NR’, + NHR’, === R’,N*S*NR’, + HCI 





® Dorlars, in ‘‘ Methoden der Organischen Chemie ” (Houben-Wey]), 4th edn., Vol. X1/2, G. Thieme 
Verlag, Stuttgart, pp. 745, 746, 748, and German patents there cited. 

? Kharasch et al., J. Amer. Cheme Soc., 1947, 69, 1612; 1949, 71, 2724; 1952, 74, 3422; 1953, 
75, 3734. 

§ Buess and Kharasch, ]. Amer. Chem. Soc., 1950, 72, 3529. 

® Michaelis and Luxembourg, Ber., 1895, 28, 165; Michaelis, ibid., p. 1012; Lengfeld and Stieglitz, 
ibid., p. 575. 

10 Blake, J. Amer. Chem. Soc., 1943, 65, 1267; Burg and Woodrow, ibid., 1954, 76, 219. 
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It was later noted that some unsymmetrical thiobisamines had been prepared in the Bayer 
laboratories ® by the inclusion of a tertiary amine (B) in the reaction mixture: 


RN-SCI + NHR’, + B ——t R,N-S*NR’, + BHC! 


The vulnerability to acids of the N-S bond in thiobisamines is evident from observations 
by Michaelis.® We found (in the two cases examined) that they are cleaved by picric acid, 
which gives a picrate of the liberated secondary amine. However, a picrate thus prepared 
from the piperidino-compound by Michaelis ® was claimed by him to be a salt of the thio- 
bisamine, (C;H,)N).S,2C,H,(NO,),°OH. Several examples of the ready fission of N-S 
bonds in a related group of compounds, dithiobisamines, R,N*S*S*NRg, are given in a 
recent paper by Saville.™ 

Addition Reactions.—Whereas the addition of thiocyanogen trichloride to cyclohexene 
is an easy reaction, giving a high yield of adduct, reaction with ethylene, carried out in 
carbon tetrachloride in darkness, gave only a low yield of adduct: 


CHg:CH, + CIS*CCI-NC] ——B CH,Cl*CH,°S*CCI-NCI 


An analytically pure sample of 1-chloro-2-dichlorothiocyanatoethane was obtained. 

Like 2,4-dinitrobenzenesulphenyl chloride,!* thiocyanogen trichloride might be expected 
to add to acetylenic bonds. Ready reaction was observed with hex-3-yne and with phenyl- 
acetylene, but the products were too unstable for distillation. Reaction did not occur 
with acetylene unless ultraviolet irradiation was employed. Similarly, acetylene is known 
to be less reactive than hex-3-yne towards 2,4-dinitrobenzenesulphenyl chloride, and 
requires aluminium chloride as catalyst.2 The product from acetylene and thiocyanogen 
trichloride, presumably 1-chloro-2-dichlorothiocyanatoethylene, was distillable, but 
rapidly deposited cyanuric chloride; it could be kept long enough to discover that it 
showed peaks in the infrared absorption spectrum characteristic of dichlorothiocyanato- 
compounds.! 

Homolytic Substitution in Toluene.—The reactions of the S-Cl bond in thiocyanogen 
trichloride so far described are presumably ionic in their mechanism, except, probably, 
for the photo-initiated addition to acetylene. In the case of thiocyanogen monochloride, 
Cl‘SCN, we have accumulated much evidence for both heterolytic'* and homolytic 
reactions * of the S-Cl bond. It was therefore of interest to observe the behaviour of 
thiocyanogen trichloride under conditions known to result in homolytic reaction in the 
case of the monochloride. Photo-initiated side-chain substitution in toluene was 
examined; a chain reaction to give benzyl dichlorothiocyanate was expected, by analogy 
with the known production of benzyl thiocyanate with thiocyanogen monochloride 
under similar conditions: 


CIS*CCINC] ——B> Cle -}- “S*CCIINCI 
PhCH, + Cl ——t PhCH," + HCI 
CIS*CCISNCI + PheCH,» ——t Ph°CH,’S*CCI°NCI +- Clr, etc. 


Reaction occurred only if ultraviolet irradiation was employed, and gave a product 
which was converted into toluene-w-thiol by lithium aluminium hydride and into toluene- 
«-sulphonyl chloride by aqueous chlorine; such conversions had previously been carried 
out with both thiocyanato- and dichlorothiocyanato-compounds.! Homolytic substitution 
in the methyl group of toluene, involving fission of the S-Cl bond uf thiocyanogen tri- 
chloride, was thus demonstrated. The detailed course of the reaction is obscure, since 
pure fractions could not be isolated from the product, and analytical data were best 


1! Saville, /., 1958, 2880. 

#2 Kharasch and Assony, J. Amer. Chem. Soc., 1953, 75, 1081. 

® Bacon and Guy, /., 1960, 318. 

'* Bacon, Guy, Irwin, and Robinson, Proc. Chem. Soc., 1959, 304; Bacon and Guy, unpublished 
data. 
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interpreted by the supposition that benzyl dichlorothiocyanate, for which there was 
infrared spectral evidence, was accompanied by benzyl thiocyanate. Accordingly, an 
alternative preparation was attempted by the Grignard reaction: CH,Ph-MgCl + 
CIS‘CCI:NC1l —» CH,Ph’S-CCI-NCIl + MgCl,. The physical and chemical properties of 
the product suggested that it was a similarly impure sample of benzyl dichlorothiocyanate ; 
some benzyl disulphide was also observed. Hence, secondary effects are not confined 
to the photochemical method of preparing benzyl dichlorothiocyanate. Photo-initiated 
reaction of triphenylmethane with thiocyanogen trichloride in carbon tetrachloride was 
unsuccessful. 

Preparation of Some Related Pseudohalogen Compounds.—The reactions described here 
and in the earlier paper} demonstrate the existence of the somewhat unstable dichloro- 
thiocyanato-group, SCNCl,, of pseudohalide type, in several compounds derived from 
thiocyanogen trichloride. The latter may be regarded as a member of the halogen—pseudo- 
halogen class,* in which the dichlorothiocyanato-group partners a chlorine atom. We 
have already described the production, by two methods, of a substance which, if the 
assigned structure (S*CCI°NCl), is correct, would be the parent pseudohalogen, bis(di- 
chlorothiocyanogen).! It is intended to examine this compound further. 

Meanwhile, a related pseudohalogen, bis(bromochlorothiocyanogen), a liquid of 
moderate stability, has been prepared by the reaction: S,Cl, + 2BrCN —» (S-CBr:NC]l),. 
Similar treatment of cyanogen bromide with sulphur dichloride in place of sulphur mono- 
chloride gave a very small amount of a compound which may have had the structure 
CIS‘CBr:NCl. Related to these compounds is the liquid assigned the structure S(CCI-NCl), 
and named sulphur bisdichlorocyanide, which appeared as a by-product in the preparation 
of thiocyanogen trichloride from thiocyanogen and chlorine.’ It was suggested that this 
may have arisen from a side-reaction occurring during the preparation: CICN + 
CIS*CCL-NC] —» S(CCI:NCl),. This view now finds support in the preparation of sulphur 
bisdichlorocyanide, though in low yield, from a mixture of thiocyanogen trichloride and 
cyanogen chloride. Indications were also obtained of analogous addition of benzene- 
sulpheny! chloride to cyanogen chloride, but the product was too unstable to be isolated 
by distillation. All the reactions so far referred to in this section have been carried out 
in ethyl bromide solution at or below room temperature. 

The preparation of further dichlorothiocyanato-compounds, X*SCNCl,, may be 
envisaged. Brief attention has been given to derivatives in which X is another pseudo- 
halogen group. By treatment of thiocyanogen trichloride with silver cyanide or lead 
thiocyanate, higher-boiling and rather unstable liquids resulted, probably with the respec- 
tive structures NC*S:CCI;NCI and NC-S*S*CCI-NCI. They did not appear attractive as 
reagents. 


EXPERIMENTAL 


Thiocyanogen Trichloride.—The reagent was prepared from solutions of thiocyanogen, in 
yields of up to 80%, as previously described.! Some alternative solvents to ethyl bromide were 
examined, but none was as satisfactory; e.g., yields were only 20—25% in chloroform or carbon 
tetrachloride. Similar observations were made by Kaufmann and Liepe."% Thiocyanogen 
trichloride was also obtained (56%) in a single process by passing a stream of chlorine into a 
suspension of lead thiocyanate in ethyl bromide for 30 min. at room temperature, filtering, and 
distilling. The slow decomposition reported for pure thiocyanogen trichloride ! is very greatly 
accelerated by hydrogen chloride; e.g., passage of the gas into the trichloride for 30 min. at 
room temperature caused copious precipitation of cyanuric chloride. Abnormally low stability, 
noticed in certain preparations of, thiocyanogen trichloride, may have been due to moisture 
inadvertently introduced with the lead thiocyanate. This salt should be dried in a vacuum 
over phosphorus pentoxide before use. 


% Cf. Sharpe, Quart. Rev., 1950, 4, 115. 
‘* Kaufmann and Liepe, Ber., 1924, 57, 923. 
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Reaction with Alcohols——Ethanol. (a) An excess of absolute ethanol (~0-25 mole) was 
added dropwise, during about 15 min., to thiocyanogen trichloride (4:11 g., 0-025 mole) and 
the vigorous exothermic reaction was occasionally moderated by cooling. The colour of the 
reagent disappeared, some yellow gum was deposited, hydrogen chloride and sulphur dioxide 
were evolved, and the odour of sulphur chlorides was apparent. After another 15 min. at room 
temperature, excess of ethanol was removed under reduced pressure to leave a mixture of gum 
and crystalline ethyl carbamate. The latter was isolated (0-85 g., 38%) by distillation under 
reduced pressure and was recrystallised from benzene, followed by vacuum sublimation; 
m. p. and mixed m. p. 46—47° (lit.,1” 49°) (Found: C, 40-6; H, 8-0; N, 15-8. Calc. for 
C,H,NO,: C, 40-4; H, 7-9; N, 15-75%). 

(b) Ethanol (0-04 mole) in carbon tetrachloride (6 ml.) reacted immediately, with evolution 
of hydrogen chloride, when added dropwise to a stirred solution of thiocyanogen trichloride 
(0-04 mole) in carbon tetrachloride (25 ml.). After 30 min. the solvent was removed under 
reduced pressure, and the residue distilled to yield (probably) dichlorothiocyanogen S-ethoxide 
(1-1 g., 16%), a red liquid, b. p. 90—96°/0-5 mm., which soon began to deposit cyanuric 
chloride. 

(c) Finely dispersed sodium (0-025 g.-atom) was stirred with an equivalent of absolute 
ethanol in ether (20 ml.) for 8 hr. and the resulting suspension of sodium ethoxide was stirred 
with a solution of thiocyanogen trichloride (0-025 mole) in ether (25 ml.) for 3 hr. Removal 
of the precipitated sodium chloride and distillation of the filtrate yielded a product which was 
probably dichlorothiocyanogen S-ethoxide, b. p. 110—120°/2 mm., a xed liquid which decom- 
posed as readily as that prepared by method (b). 

Other alcohols. Carbamates were prepared and purified as described under method (a) 
for ethanol. In some cases it proved difficult to obtain analytically pure samples. The 
following were thus obtained: methyl carbamate (66%), as needles, m. p. 53° (lit.,1® 54°) 
(Found: C, 32-4; H, 6-4; N, 18-7. Calc. for C,H;NO,: C, 32-0; H, 6-7; N, 18-7%); n-propyl 
carbamate (37%), as needles, m. p. 60° (lit.,17 52-5°, changing to 60° after 3 months’ storage) 
(Found: C, 46-6; 4, 8-7; N, 13-9. Calc. for CgH,NO,: C, 46-6; H, 8-7; N, 13-6%); isopropyl 
carbamate (23%), as prisms, m. p. 90—93° (lit.,!° 92—93°) (Found: C, 46-0; H, 8-65; 
N, 13-8%); n-butyl carbamate (27%), as plates, m. p. 51—53° (lit.,!”7 54°) (Found: C, 51-2; 
H, 9-5; N, 12-2. Calc. for C;,H,,NO,: C, 51-3; H, 9-4; N, 12-0%); isobutyl carbamate 
(38%), as plates, m. p. 64—65° (lit.,2° 65—66°) (Found: C, 51-3; H, 8-9; N, 11-0%); s-butyl 
carbamate (17%), as needles, m. p. 97° (lit.,27 94°) (Found: C, 51-0; H, 9-0; N, 12-2%); benzyl 
carbamate (36%), as impure plates, m. p. 85—86° (lit.,?® 86°) (Found: C, 62-9; H, 6-0; N, 10-3. 
Calc. for CgHyNO,: C, 63-6; H, 6-0; N, 9-3%). 

t-Butyl alcohol. Treatment of the alcohol as described under method (a) for ethanol resulted 
in a vigorous reaction, during which hydrogen chloride was evolved and a considerable amount 
of cyanuric chloride was deposited. Filtration, distillation, and redistillation yielded a small 
amount of (probably) dichlorothiocyanogen S-t-butoxide, b. p. 76—78°/2 mm., m,* 1-5720, in 
which deposition of cyanuric chloride began after a few hours at room temperature. 

Reaction with Ammonia.—Thiocyanogen trichloride (4-0 g.) in ether (30 ml.) was added to 
a large excess of a solution of ammonia (5 ml., measured as liquid) in ether (100 ml.). An 
immediate reaction occurred, with precipitation of ammonium chloride (1-4 g.; theory for 
reaction of one chlorine atom per mol. of trichloride, 1-3 g.). Evaporation of the filtrate at 5° 
left a reddish-purple liquid which decomposed very vigorously on slight warming, giving an 
insoluble brown resin. 

Reaction with Secondary Amines.—(a) Dimethylamine. Thiocyanogen trichloride (12-3 g., 
0-075 mole) in ether (50 ml.) was added during 30 min. to anhydrous dimethylamine (0-15 mole) 
in ether (150 ml.) kept at ~10°. The precipitated dimethylamine hydrochloride (97% )was 
removed, solvent evaporated from the filtrate, and the residue distilled to yield dimethylamine- 
N-sulphenyl chloride (7-55 g., 90%), as a pale green liquid, b. p. 34-5—35-5°/15 mm., with a 
penetrating odour (Found: C, 21-3; H, 5-5; Cl, 31-8; N, 12-4; S, 28-6. C,H,CINS requires 
C, 21-5; H, 5-4; Cl, 31-8; N, 12-5; S, 28-7%). If left exposed to air it formed a white solid. 
Addition of the sulpheny! chloride to an excess of cyclohexene resulted in a vigorous reaction; 


17 Kraft and Herbst, J. Org. Chem., 1945, 10, 483. 
18 Schmidt, Z. phys. Chem., 1907, 58, 513. 

1% Thiele and Dent, Annalen, 1898, 302, 245. 

20 Jacobson, J. Amer. Chem. Soc., 1938, 60, 1742. 
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distillation led to partial decomposition and yielded a product which was probably 2-chloro- 
cyclohexane-1-sulphendimethylamide (18%), a green-yellow liquid of unpleasant odour, ‘b. p. 
157°/1-8 mm., n,** 1-5449, not analytically pure. 

Dropwise addition of dimethylamine-N-sulphenyl chloride (2-23 g., 0-02 mole) in ether 
(15 ml.) to anhydrous dimethylamine (0-04 mole) in ether (50 ml.) at room temperature resulted 
in a mildly exothermic reaction, with precipitation of dimethylamine hydrochloride (82%). 
Distillation of the filtrate yielded colourless lachrymatory NN’-thiobisdimethylamine (39%), 
m. p. 20°, b. p. 68°/87 mm. (lit.,2° m. p. 20°, b. p. 33-5—36°/14 mm.) (Found: C, 40-0; H, 10-05; 
N, 23-15; S, 26-6. Calc. for C,H,,.N,S: C, 40-0; H, 10-0; N, 23-3; S, 26-7%). Alternatively, 
a preparation ' from sulphur dichloride (0-075 mole) and dimethylamine (0-33 mole) in ether 
gave the thiobisamine (30%), b. p. 74°/109 mm. (Found: C, 39-8; H, 9-95; N, 23-2; S, 26-3%). 
When the thiobisamine was briefly warmed on the water-bath with a slight excess of picric acid 
in ethanol, it yielded dimethylamine picrate, m. p. 161—162° (lit.,24 160—161°) (Found: 
C, 35:3; H, 3-9; N, 19-6. Calc. for C;H,)N,O,: C, 35-0; H, 3-65; N, 20-4%). 

(b) Diethylamine. Reaction with the anhydrous amine (0-15 mole), as described under (a), 
yielded on distillation diethylamine-N-sulphenyl chloride (50%), as an orange liquid of un- 
pleasant odour, b. p. 56°/12 mm. (Dorlars * quotes 62—64°/13 mm.) (Found: C, 34-3; H, 7-4; 
Cl, 25°35; N, 9-95; S, 22-6. C,H,,CINS requires C, 34:4; H, 7-2; Cl, 25-4; N, 10-0; S, 
22-95%). The sulphenyl chloride gave colourless NWN’-thiobisdiethylamine (69%), of 
unpleasant odour, b. p. 74°/10 mm., ,,** 1-4590 (lit.,® b. p. 87°/19 mm., 84—86°/15 mm.) (Found: 
C, 54-6; H, 11-3; N, 15-8; S, 18-0. Calc. for C,H,)N,S: C, 54-5; H, 11-4; N, 15-9; S, 182%). 

(c) Di-isopropylamine. After similar reaction of the amine with thiocyanogen trichloride, 
filtration, and evaporation of the ether, there remained an unstable liquid residue of N-di- 
chlorothiocyanatoisopropylamine, which rapidly decomposed at 50°, evolving cyanogen 
chloride and leaving di-isopropylamine-N-sulphenyl chloride as a brown, pungent, viscous 
liquid, which formed a gum on heating above 50°. The crude sulphenyl chloride (0-05 mole) 
reacted with di-isopropylamine (0-10 mole) in ether, yielding pale green NN’-thiobisdi-iso- 
propylamine (7%), of disagreeable odour, b. p. 40°/1 x 10“ mm., ,** 1-4699 (Found: C, 61-9; 
H, 11-8; N, 11-9; S, 13-6. C,,H,gN.S requires C, 62:1; H, 12:1; N, 12-1; S, 138%). The 
thiobisamine, b. p. 45°/5 x 10“ mm., ,* 1-4689, was alternatively prepared (60%) by reaction 
of sulphur dichloride with di-isopropylamine in ether (Found: C, 61-85; H, 11-8; N, 11-8; 
S, 137%). 

(d) Di-s-butylamine. The crude N-dichlorothiocyanato-derivative, the N-sulphenyl 
chloride, and NN’-thiobisdi-s-butylamine were obtained as described under (c). The thiobis- 
amine could not be distilled at 10 mm. without resinification. A sample prepared from 
sulphur dichloride behaved similarly. 

(e) Dicyclohexylamine. Reaction of the amine (0-075 mole) with thiocyanogen trichloride 
in the usual way resulted in quantitative precipitation of the amine hydrochloride. Filtration 
and evaporation left N-dichlorothiocyanatodicyclohexylamine (10-5 g., 91%) as colourless 
crystals which lost cyanogen chloride slowly even at —20°. Its infrared absorption spectrum 
contained strong bands at 882 and 1595 cm.}, but was otherwise like that of dicyclohexyl- 
amine. In 1 hr. on the water-pump at 40° the compound lost cyanogen chloride (1-97 g.; 
theor. for the pure dichlorothiocyanato-amine, 2-09 g.), leaving dicyclohexylamine-N-sulphenyl 
chloride as a brown liquid which decomposed if heated. The crude sulphenyl chloride reacted 
readily with dicyclohexylamine in ether, yielding dicyclohexylamine hydrochloride (96%) and 
NN’-thiobisdicyclohexylamine (87%), which crystallised from light petroleum in colourless 
needles, m. p. 147—150° (Found: C, 73-6; H, 10-6; N, 7-2; S, 83. C.,H,,N.S requires 
C, 73-5; H, 11-2; N, 7°15; S, 82%). The same compound resulted (92%) from reaction of 
the amine with sulphur dichloride. 

(f) Piperidine. Reaction with thiocyanogen trichloride resulted in quantitative precipit- 
ation of piperidine hydrochloride and yielded N-dichlorothiocyanatopiperidine as a colourless 
crystalline solid, which lost cyanogen chloride rapidly at 40°, leaving piperidine-N-sulphenyl 
chloride as a brown liquid. This reacted with piperidine in ether, giving piperidine hydro- 
chloride (75%) and NN’-thiobispiperidine (58%), which crystallised from light petroleum in 
prisms, m. p. 75—76° (lit.,9 74°) (Found: C, 60-2; H, 98; N, 14:3; S, 15-8. Calc. for 
CioHygN.S: C, 60-0; H, 10-0; N, 14:0; S, 16-0%). 


*t Walden, Ulich, and Birr, Z. phys. Chem., 1927, 180, 495. 
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(g) Morpholine. Reaction proceeded as described under (e) and (f) to give morpholine-N- 
sulphenyl chloride, which was unstable above 60°. On treatment with morpholine in ether it 
gave NN’-thiobismorpholine (25%), which crystallised from benzene in prisms, m. p. 128—129° 
(Blake gives 125—126°); it was identical in m. p. and mixed m. p. with a sample prepared 
from sulphur dichloride # (Found: C, 47-0; H, 7-7; N, 13-7; S, 15-5. Calc. for C,H,,N,0,S: 
C, 47-0; H, 7-85; N, 13-7; S, 15-7%). Treatment with excess of picric acid in ethanol gave 
morpholine picrate, m. p. 151—153° (lit.,22 151-6°) (Found: C, 38-1; H, 3-9; N, 17-7. Calc. 
for C,,H,,N,O,: C, 38-0; H, 3-8; N, 17-7%). 

(h) Diphenylamine. Reaction in ether between the amine (0-10 mole) and thiocyanogen 
trichloride (0-05 mole) for 12 hr. at ~20° resulted in precipitation of diphenylamine hydro- 
chloride (96%). Evaporation of the filtrate from this left a dark green liquid, apparently the 
N-sulphenyl chloride (11-4 g., 97%). When this was warmed to 30° sudden decomposition 
occurred, with evolution of hydrogen chloride and production of a resin, which was insoluble in 
common organic solvents and contained about one-third of the proportion of combined chlorine 
present in the sulpheny! chloride. 

(i) N-Methylaniline. Reaction in ether with thiocyanogen trichloride yielded 92% of the 
theoretical amount of N-methylaniline hydrochloride in 1 hr. at ~20°. Colourless crystals 
appeared during evaporation of the filtrate but the residue was a yellow liquid, presumably the 
N-sulpheny] chloride, since it gave a precipitate of the amine hydrochloride when treated with 
more N-methylaniline in ether. The product of this reaction darkened and resinified. 

Attempted Preparation of Unsymmetrical NN’-Thiobisamines.—(a) Diethylamine-N-sulpheny] 
chloride (0-02 mole) (see above) in ether (5 ml.) was added to anhydrous dimethylamine (0-04 
mole) in ether (20 ml.); amine hydrochloride was filtered off, and the filtrate distilled. A 
fraction, b. p. 31°/10 mm., gave an analysis corresponding with NN’-thiobisdimethylamine 
(Found: C, 40-1; H, 9-5. Calc. for CsH,,.N,S: C, 40-0; H, 10-0. Calc., for the desired 
unsymmetrical compound, C,H,,N,S: C, 48-7; H, 10-8%). Like authentic NN’-thiobisdi- 
methylamine (see above), it was decomposed by picric acid to dimethylamine picrate, m. p. 
and mixed m. p. 161°. ; 

(b) Di-s-butylamine-N-sulphenyl chloride (0-015 mole) (see above) reacted immediately 
in ether with dicyclohexylamine (0-03 mole), giving a precipitate of dicyclohexylamine hydro- 
chloride (90%). On evaporation, the filtrate left a brown solid, which, when recrystallised 
from light petroleum, gave only NN’-thiobisdicyclohexylamine (see above) (0-7 g., 7.e., 24%, 
calc. on conversion of the desired unsymmetrical thiobisamine), m. p. 147—150° (Found: 
C, 73-3; H, 10-8; N, 7-3; S, 82%). 

1-Chloro-2-dichlorothiocyanatoethane.—Ethylene was passed for 3 hr. into a 1-25m-solution of 
thiocyanogen trichloride in carbon tetrachloride in darkness at ~20°. After the solution had 
been kept in the dark for 12 hr. longer, distillation yielded pale green 1-chloro-2-dichlorothio- 
cyanatoethane (13%), with a disagreeable odour, b. p. 108°/20 mm., ,,** 1-5550 (Found: C, 18-7; 
H, 1-9; Cl, 55-3; N, 7-4; S, 16-5. C,H,CI,NS requires C, 18-7; H, 2-1; Cl, 55-35; N, 7-3; 
S, 16-6%). 

Reaction with Acetylenic Hydrocarbons.—Reaction of thiocyanogen trichloride with acetylene 
was unsuccessful under the conditions used for ethylene. When the procedure was repeated 
at ~40° with irradiation from a 250-w ‘‘ Mazda ’’ ME/D mercury-vapour lamp, distillation of 
the solution yielded some unchanged thiocyanogen trichloride, followed by a yellow liquid of 
unpleasant odour, probably 1-choro-2-dichlorothiocyanatoethylene, b. p. 90—100°/23 mm. It 
began to deposit cyanuric chloride almost immediately. An infrared absorption spectrum, 
quickly obtained, included very strong bands at 1594 and 907 cm."1, found in other dichloro- 
thiocyanates.!_ Reaction of hex-3-yne or phenylacetylene occurred rapidly and exothermally, 
without irradiation, with a m-solution of thiocyanogen trichloride in carbon tetrachloride. In 
both cases the product decomposed to cyanuric chloride and resin when distillation was 
attempted. 

Reaction with Toluene.—When a toluene solution of thiocyanogen trichloride was maintained 
at 40° in darkness for several hours, no reaction products of toluene could be detected, but 
irradiation with the mercury-vapour lamp described above resulted in reaction. Typically, a 
0-25m-solution of thiocyanogen trichloride in toluene (200 ml.) was irradiated in a quartz flask 
for 8 hr. at ~40°. Hydrogen chloride was slowly evolved and evaporation of the solvent 
under reduced pressure left a brown liquid, yielding a yellow distillate (35%), b. p. 70—80°/0-2 
#2 Mitchell and Bryant, J. Amer. Chem. Soc., 1943, 65, 128. 
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mm. Colourless fractions were obtained on further distillation but none appeared to be a 
pure compound; similar results were obtained from other experiments. The N:S ratio‘in all 
samples was very close to 1, but values for C were usually higher, by up to 7%, than the 
theoretical figure for benzyl dichlorothiocyanate, and values for Cl were usually lower, by up 
to 7%; typical analyses corresponded reasonably well with a mixture of benzyl dichlorothio- 
cyanate and benzyl thiocyanate in the ratio ~7:3. The infrared absorption spectra typically 
showed strong bands at 928 and 1596 cm."}, attributed to dichlorothiocyanate, and a weak band 
at 2167 cm."!, probably due to thiocyanate. 

A sample of the redistilled product was reduced with lithium aluminium hydride by the 
procedure previously used.' This produced toluene-w-thiol, b. p. 192—194°, characterised as 
benzyl 2,4-dinitrophenyl sulphide, m. p. 127—129° (lit.,23 130°) (Found: C, 53-7; H, 3-5; 
N, 9-5; S, 10-8. Calc. for C,;H,gN,O,S: C, 53-8; H, 3-45; N, 9-7; S, 110%). A similar 
sample from the reaction was dissolved in cooled 10: 1 acetic acid—water and treated for 15 min. 
with a stream of chlorine (cf. ref. 1). Dilution with water gave a precipitate of toluene-w- 
sulphonyl chloride, m. p. 93—94°, undepressed on admixture with a sample obtained by 
grinding sodium toluene-w-sulphonate with phosphorus pentachloride. 

Preparation of benzyl dichlorothiocyanate was also attempted by reaction of benzyl- 
magnesium chloride (0-05 mole) and thiocyanogen trichloride (0-05 mole) inether. Precipitated 
magnesium chloride was removed, and the solution distilled to yield a fraction (27%), b. p. 
86—88°/0-4 mm., which was similar in analysis and infrared absorption spectrum to the product 
from the reaction of thiocyanogen trichloride and toluene. It was likewise reduced to toluene- 
w-thiol and oxidised to toluene-w-sulphonyl chloride. A by-product obtained from a similar 
Grignard reaction, but with benzylmagnesium chloride in 100% excess, was dibenzyl disulphide, 
m. p. and mixed m. p. 69—70°. 

Sulphur Bisdichlorocyanide.—A solution of thiocyanogen trichloride (3-0 g.) and excess of 
cyanogen chloride (12 g.) in ethyl bromide (40 ml.) was kept in darkness at 0° for 10 days. 
Distillation yielded sulphur bisdichlorocyanide? (0-46 g., 11%), b. p. 67°/1 mm. (Found: 
Cl, 62-5; N, 12-65; S, 13-8. Calc. for C,Cl,N,S: Cl, 62-8; N, 12-4; S, 14-1%). 

Bis(bromochlorothiocyanogen).—A solution of sulphur monochloride (0-05 mole) and cyanogen 
bromide (0-10 mole) in ethyl bromide (30 ml.) was kept for 6 days at ~17°. A red colour 
developed and distillation yielded bis(bromochlorothiocyanogen) (7-0 g., 40%), as a deep red 
liquid, b. p. 36—37°/0-25 mm., with a relatively weak odour resembling that of sulphur mono- 
chloride (Found: N, 8-2; S, 18-0; Cl+ Br, 66-0. C,Br,Cl,N,S, requires N, 8-1; S, 18-4; 
Cl + Br, 66-6%). The infrared absorption spectrum (cf. ref. 1) showed strong bands at 1587, 
1500, and 1076 cm. and very strong bands at 917 and 532 cm.!. One sample (probably 
containing impurities) slowly deposited cyanuric bromide and the liquid portion then con- 
tained sulphur monochloride, b. p. 137°. 

Bromochlorothiocyanogen S-Chloride.—The procedure used for bis(bromochlorothiocyanogen) 
was repeated with a mixture of sulphur dichloride (0-05 mole) and cyanogen bromide (0-05 mole). 
Removal of reagents and solvent gave only a 4% yield of (probably) bromochlorothiocyanogen 
S-chloride, a pungent orange-yellow liquid, b. p. 38—43°/12 mm.; the infrared absorption 
spectrum (cf. ref. 1) included very strong doublets at 1603 and 1587 cm."1, and at 921 and 902 
cm.*, 

Dichlorothiocyanogen S-Cyanide and S-Thiocyanate.—Excess of finely powdered silver 
cyanide (2 mol.) was stirred for 15 hr. at ~20° with a 1-5m-solution of thiocyanogen trichloride 
in carbon tetrachloride. Filtration and distillation yielded (probably) dichlorothiocyanogen 
S-cyanide (54%), a yellow lachrymatory liquid, b. p. 75—77°/15 mm., which slowly deposited 
cyanuric chloride (Found: C, 15-6. C,Cl,N,S requires C, 15-5%). A similar procedure with 
finely divided lead thiocyanate yielded (probably) dichlorothiocyanogen S-thiocyanate, a yellow 
liquid, b. p. 60°/0-7 mm., which had a faint odour and slowly deposited cyanuric chloride. 


QUEEN’S UNIVERSITY, BELFAST. [Received, May 30th, 1960.) 
*3 Bost, Turner, and Norton, J. Amer. Chem. Soc., 1932, 54, 1985. 
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982. Chlorosiloxanes from the Reaction between Oxygen and 
Silicon Tetrachloride. 


By D. W. S. CHAMBERS and C. J. WILKINs. 





Cyclic chlorosiloxanes (SiOCI,),, with n = 3, 4, or 5, and lower open- 
chain compounds Si,O,~—,Cl.,+. are obtained from the reaction between 
oxygen and silicon tetrachloride at 1000°. At this temperature hexachloro- 
disiloxane and octachlorotrisiloxane rearrange to a mixture of cyclic and 
higher open-chain chlorosiloxanes and silicon tetrachloride. Infrared 
spectra indicate that the Si,O,Cl, and Si,O,Cl, molecules have six- and 
eight-membered rings respectively. 


INVESTIGATIONS }? of silicon oxychlorides over a long period have established the existence 
of a series of open-chain compounds Si,O,—,Cle,+2. A crystalline compound Si,O,C),, 
now confirmed as octachlorocyclotetrasiloxane, has been assumed to be a member of a 
possible cyclic series, (SiOCI,),.2 Analogy with hexamethylcyclotrisiloxane (which is 
obtained in highest yield at high temperature *) suggests that hexachlorocyclotrisiloxane, 
Si,0,Cl,, should also be capable of existence. There is no evidence that chlorine 
substituents on silicon increase the oxygen valency angle ® and thereby prevent closure 
of a six-membered ring. A planar hexagonal molecule with tetrahedral silicon would 
require an angle SiOSi of 130-5°, which lies just within the usual range of values (130— 
143°) for the oxygen angle. 

Since the high-temperature reaction between silicon tetrachloride and oxygen is known 
to produce the tetrameric octachlorocyclotetrasiloxane,? we sought the trimeric hexachloro- 
cyclotrisiloxane from the same source. The latter compound (m. p. 43-5°) was obtained 
in as great yield as the tetramer, and a small, slightly impure sample of a crystalline 
pentamer, Si,O,Cl,,, was also isolated. Of the open-chain liquid products, hexachloro- 
disiloxane and octachlorotrisiloxane were readily separated, but the higher members could 
not be freed from residual dissolved cyclic material by repeated fractional distillation. 

The similar yields of trimer and tetramer suggest that their ring systems (see below) are 
of comparable stability at high temperature. However, at 300° and in the absence of a 
catalyst the trimer alone decomposes (to unidentified chlorosiloxanes) so that its smaller 
six-membered ring is the less stable at lower temperatures. The absence from all 
preparations of a dimeric cyclic member analogous to tetrachlorocyclodisilthiane, Si,S,Cl,,® 
suggests that the oxygen bond angle in this, as in other classes of silicon—-oxygen compound, 
cannot fall so low as to enable the formation of a stable four-membered ring.’ 

Infrared spectra confirm the ring sizes in the trimer and tetramer. The strong 
absorptions of the chlorosiloxanes due to the Si-O stretching vibration (see Fig.) are so 
closely similar in form, intensity, and relative positions to those of the corresponding 
open-chain and cyclic dimethylsilicones * (but at wavelengths shorter by 0-4—0-45 yu) 
as to indicate structural identity of the two classes of compound. The displacement of 
the absorption peak on passing from Si,0,Cl, (9-48 u) to Si,O,Cl, (8-85 4) parallels that 


1 Friedel and Ladenburg, Amnalen, 1868, 147, 355; Compt. vend., 1868, 66, 539; Schumb and 
Holloway, J. Amer. Chem. Soc., 1941, 68, 2753; Schumb and Stevens, J. Amer. Chem. Soc., 1947, 69, 
726; 1950, 72, 3178; Goubeau and Warncke, Z. anorg. Chem., 1949, 259, 109, 233. 

2 Troost and Hautefeuille, Ann. Chim. Phys., 1876, '7, 452; Bull. Soc. chim., 1881, 35, 360; Rhein- 
boldt and Wisfeld, Annalen, 1935, 517, 197. 

3? Emeléus (Proc. Chem. Soc., 1959, 205) commented on previous uncertainty as to the structure. 

* Patnode and Wilcock, J. Amer. Chem. Soc., 1946, 68, 358; Hunter, Hyde, Warrick, and Fletcher, 
ibid., p. 667. 

* Yamasaki, Kotera, Yokoi, and Ueda, J]. Chem. Phys., 1950, 18, 1414. 

‘(a) Etienne, Bull. Soc. chim. France, 1953, 791; (b) Panckhurst, Wilkins, and Craighead, /]., 1955, 
3395. 

7 Weiss and Weiss (Z. anorg. Chem., 1953, 276, 195) have reported an unstable crystalline form of 
silicon dioxide having a four-membered ring. 

* Wright and Hunter, J. Amer. Chem. Soc., 1947, 69, 803; Richards and Thompson, J., 1948, 124. 
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found for the corresponding dimethylsilicones whose six- and eight-membered cyclic 
structures are beyond doubt. Moreover, the single absorption peak of the tetramer, 
rather than a composite absorption such as would be expected from a six-membered ring 
with an —O-SiCl, substituent, excludes this alternative to the eight-membered ring. The 
broadened unsymmetrical peak given by the pentamer is characteristic of the higher 
methylcyclopolysiloxanes.* It is thus likely that this chlorosiloxane contains a ten- 
membered ring, but in this instance the possibility of a smaller ring with a substituent 
cannot be ruled out. 

The composition of a chlorosiloxane preparation varies with the reaction temperature. 
Below 950° the hexachlorodisiloxane formed as the primary reaction product comprises 
at least 90% of the mixture. With rising temperature thermal rearrangement and 
continuing oxidation of the disiloxane increase the proportion of the higher chlorosilanes. 


Infrared spectra of chlorosiloxanes in carbon tetrachloride. 
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At 1000° (the usual preparative temperature) thermal decomposition of pure hexachloro- 
disiloxane is relatively fast and yields, in the first place, chiefly silicon tetrachloride and 
octachlorotrisiloxane (Table 1). The pure trisiloxane in turn gives an increased proportion 


TABLE 1. Decomposition of chlorosiloxanes at 1000°. 


Weight Reaction Products recovered (g.) 

Compound taken (g.) _ time (hr.) SiC, Si,OCl, Si,O,Cl, Higher fractions 
I coil Sed Stet oe 175 3 22 Ps) 26 16 
IIE. / sndoqensgqnessaace 195 9° 43 49 50 22 
gel AAS Ra a Me 185 2-5 42 6 21¢ 464 
Si,OCI,, with oxygen ¢ 190 6 6 118 8 12 


« The oxygen flow rate was 221./hr. * The boiler temperature became steady after 6 hr., indicat- 
ing no further reaction thereafter. * A trace of Si,O,Cl, was also found. ¢ This includes Si,O,CI, 
(5 g.) and a fraction (5 g.) distilling at 114—115°, but excludes silica deposits. 


of cyclic members and higher-boiling material under the same conditions. A black mirror 
of silicon was formed in the hottest part of the apparatus and free chlorine was carried 
from the reaction zone. The deposition of silicon suggests the production from this 
siloxane of the SiCl, radical, which is known to participate in the equilibrium 2SiCl, == 
Si + SiCl, above 800°. At lower temperatures the chlorosiloxanes become metastable 
with respect to decomposition to silicon tetrachloride and an invoiatile silica-like solid 
which still contained chlorine. A trace of trimethylamine hydrochloride ® catalyses the 
decomposition at 200°. 

In the presence of oxygen but under otherwise similar conditions in an unpacked 
reaction tube the purely thermal rearrangement of hexachlorodisiloxane is retarded 
(Table 1). This must assist the escape of the disiloxane from the reaction zone during 
preparative experiments. 

For preparative purposes the present method has the advantages and disadvantages 
of a process leading to diversified products. Apart from yielding cyclic members the 


* Schafer and Nickl, Z. anorg. Chem., 1953, 274, 250; Schafer, ibid., p. 265. 
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reaction is suited to the preparation of hexachlorodisiloxane ! and octachlorotrisiloxane. 
The yield of the latter can be doubled by conducting a subsequent decomposition of the 
former (see Tables 1 and 2). With higher members, formation of isomers seems probable 
and this could contribute to the difficulty in their separation. 


TABLE 2. Fractions from distillation of 1076 g. of chlorosiloxanes.* 
Probable main 


Fraction Boiling range Weight (g.) constituent 
GB) LIARIIE si dcecsccsicnesssosceses 135°/760 mm., 33—34°/15 mm. 621 Si,OCI, 
(ii) Solid (+ liquid) ......... 49—50°/15 mm. 46 Si,O,Cl, 
CD: TAD ss 5ck de obdedencteine. 77-5—78-5°/15 mm. 176 Si,O.Cl, 
SR DEE” . nisenseesdicnnseccene 78—111°/15 mm. 20 
(v) Solid (+ liquid) © ......... 89°/13 mm. 39 Si,O,Cl, 
ce , . SRO ERE EEE 111—116°/15 mm. 27 Si,O,Cl,o 
(Br Tee 129—130°/15 mm. 19 
(viii) Solid (+ much liquid) ... 118—121°/5 mm. 16 Si,;O,Cl,, (solid) 
PE: IE nnanasinptnneithshese 110—180°/3 mm. 24 
(x) Tarry residue? ............ 40 


* Prepared at 1000—1020°. * This liquid distilling on each side of solid (v) was difficult to 
resolve completely. * The quantity of liquid distilling during collection of the crystalline material 
was, however, small. ¢ Pyrolysis gave silicon tetrachloride 


EXPERIMENTAL 


Preparation of Chlorosiloxanes.—Silicon tetrachloride vapour and oxygen were passed 
through a heated silica tube packed with unglazed porcelain to accelerate the reaction. Un- 
changed tetrachloride was automatically recirculated. At 960° the hourly yield of siloxanes 
was 8 g., of which 10% was less volatile than hexachlorodisiloxane. At 1000—1010° it was 
30 g., with 25—30% less volatile, and at 1000—1020° 35 g. and 40%. (Temperatures were 
recorded outside the reaction tube.) 

Separation and Characterisation of Chlorosiloxanes——Unchanged silicon tetrachloride and 
most of the hexachlorosiloxane were removed under atmospheric pressure. Distillation was 
continued under reduced pressure with use of an 80 cm. tapered column packed with glass 
helices, to give the factions in Table 2. Fraction (i) yielded pure hexachlorodisiloxane (pb. p. 
135-3°/760 mm.) on redistillation. Fraction (iii) was held at —60° and filtered at this tem- 
perature to remove impurities which crystallised. The liquid was redistilled to give analytically 
pure octachlorotrisiloxane. A sample (40 g.) passed over completely at 190-7°/759 mm. (cf. 
Goubeau ef al.1). The crystalline hexachlorocyciotrisiloxane from fraction (ii) was drained on a 
filter, washed with carbon disulphide at — 60°, and sublimed at room temperature under a high 
vacuum. Likewise octachlorocyclotetrasiloxane was recovered from fraction (v) and sublimed 
at 60°. The slurry of crystals from fraction (viii) was blotted on (pre-dried) filter-paper in a 
dry box, and the residue sublimed at 95°. The identity of the product (0-8 g.) as a pentamer 


TABLE 3. Identification of purified compounds. 


Found Calculated 
Si (%) ¢ Cl (%)?* Me Si (%) Cl (%) M M. p. 
SLOT, ance. 19-6 74:7, 74:8 * 19-7 74-7 285 —28-1° + 0-2°4 
Si,0,Cl, ...... 21-3 70-9, 70-9 382 21-1 70-9 400 —47° 
Si,O,Cl, ...... 24-5, 24-2 61-6,61-5 320, 348 24-4 61-7 345 43-5° 
Si,O,Cl, ...... 243,245 61-5,61-3 450, 454 24-4 61-7 460 Cy 
Si,0,Cl,, ...... 24-2 59-3, 59-1 - 24-4 61-7 575 96—97° 


* Determined as SiO, after hydrolysis. * Determined by Mohr titration. ¢ Cryoscopically in 
benzene. ¢ Schumb and Holloway, ref. 1. * Not measured. 


of the cyclic series is inferred from its volatility relative to that of the other members. It 
melted quite sharply, but the liquid contained a trace of silica. Characterisation data on the 
compounds are given in Table 3. 

Redistillation of the liquid (vi) [with additional similar material (7 g.)] gave fraction (via), 
5 g., passing over at 100—114° (Cl, 63-7, 63-6%); (vib), 19 g., 114—115° (Cl, 65-6, 65-6%); 
(vic), 5 g., 115—-118° (Cl, 65-0, 65-3%). Fraction (vib), whose narrow distillation range covers 


1@ Grigor and Wilkins, ‘“‘ Inorganic Syntheses,’”’ McGraw-Hill, New York, Vol. VIT. 
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the b. p. of decachlorotetrasiloxane, 114-7°,5 had a chlorine content lower than that required 
for this compound. Cyclic impurity must still have been present. Another fraction, 5 g., also 
distilling at 114—-115° from the thermal decomposition of octachlorotrisiloxane gave Cl, 65-9%. 

Fractions (vii) and (ix) had Cl, 60-3 and 61-5%, respectively. The former value is below 
that required even for the cyclic series (SiOCI,),. More highly oxygenated material must 
therefore have been present. 

Thermal Decomposition of Chlorosiloxanes.—For high-temperature rearrangements (Table 1) 
a compact silica circulating vessel using the liquid-seal principle and having the (unpacked) 
hot tube, 2cm. x 20cm., directly above the boiler was used."!_ Changes in boiler-temperature 
indicated the progress of the reaction and showed the threshold reaction temperature to be 
760—800°. Silicon tetrachloride from the trisiloxane decomposition was tapped off at intervals 
to prevent the temperature of the boiler from falling too much. 

For stability tests at lower temperatures with and without catalyst sealed tubes were used. 
In an experiment where octachlorotrisiloxane (1-846 g.) and trimethylamine hydrochloride 
(0-013 g.) were held at 220° for 24 hr., the products were silicon tetrachloride (1-201 g.) and 
involatile residue (0-610 g.). 

Infrared Spectra.—These were taken with a Perkin-Elmer double-beam spectrophotometer 
model 221, with use of carbon tetrachloride solutions of concentration ~0-5% for hexachloro- 
disiloxane and octachlorotrisiloxane, and ~0-25% for the remainder. The cell length was 
0-5 mm. 





The authors are indebted to Mr. B. A. Grigor, who made the initial chlorosiloxane prepar- 
ations, and to Mr. J. Vaughan who recorded the infrared spectra. The work has been assisted 
by a research grant from the University of New Zealand. 

UNIVERSITY OF CANTERBURY, 

CHRISTCHURCH, NEW ZEALAND. [Received, June 7th, 1960.) 


11 Cf. Chambers, M.Sc. Thesis, University of Canterbury, 1960. 





983. The Chemical Action of Ionising Radiations in Solution. Part 
XXIV.* Action of X-Rays (200 kv) on Aqueous Solutions of Acetic 
Acid and Gllycollic Acid. 

By E. Hayon and J. WEIss. 


The chemical action of X-rays (200 kv) on deoxygenated aqueous solutions 
of acetic acid and glycollic acid has been studied, mainly as a function of 
pH and of the solute concentration, particularly to distinguish the reactions 
of “ self-trapped ’’ electrons (“‘ polarons”’) from that of hydrogen atoms 
formed from the polarons by the reaction (H,O)~ + Ht —»H + H,0O. 
The hydrogen atoms react by dehydrogenating «-positions to the carboxyl 
groups, giving molecular hydrogen; in the case of glycollic acid, the electron 
can attach itself to the OH group in the «-position according to: (H,O)~ + 
HO-CH,°CO,H —» -CH,°CO,H + OH~ + H,O; with glycollic or acetic 
acid (which does not have an electron-attracting group in the «-position), the 
polaron can react to some extent with the carboxyl group which can then 
split up, leading to the formation of carbonyl radicals: in acetic acid CH,°CO- 
is formed, which leads to formation of biacetyl. 


A NUMBER of papers have- appeared in recent years on the radiation chemistry of 
simple carboxylic acids in aqueous solution, such as acetic acid,’ formic acid,? 


* Part XXII, J., 1959, 3913. 


1 (a) Garrison, Haymond, and Weeks, Rad. Res., 1954, 1, 97; (b) Garrison, Bennett, Cole, Haymond, 
and Weeks, J. Amer. Chem. Soc., 1955, 77, 2720; (c) Garrison, Haymond, Bennett, and Cole, J. Chem. 
Phys., 1956, 25, 1282. 

® (a) Fricke and Hart, J. Chem. Phys., 1934, 2, 824; Hart, J. Amer. Chem. Soc., 1951, 78, 68; 1954, 
76, 4198; (b) Hart, ibid., p. 4312; (c) Hart, ibid., p. 4198; (d) Garrison, Bennett, and Jayko, J. Chem, 
Phys., 1956, 24, 631; (e) Garrison, Weeks, Ward, and Bennett, ibid., 1957, 27, 1214; (f) Smithies, 
Abstract of paper presented at International Congress of Radiation Research, Burlington, Vermont, 
U.S.A., 1958, p. 185; (g) Sutton and Galletand, J. Chim. phys., 1959, 56, 16. 
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hydroxy-acids (including pyruvic * and malic acid “), and mono- and tri-chloroacetic 
acids.5 

Garrison e¢ al. found that irradiation of acetic acid with 40 Mev helium ions in air-free 
aqueous solutions gave hydrogen, hydrogen peroxide and succinic acid, with small yields 
of carbon dioxide, methane, ethane, and carbon monoxide; in oxygenated solutions, 
hydrogen, hydrogen peroxide, and glycollic, glyoxylic, and oxalic acid were the major 
products. Cobalt y-irradiation of deaerated formic acid solutions was shown by Hart? 
to give mainly hydrogen and carbon dioxide; at higher concentration (>10™'m), carbon 
monoxide and formaldehyde were also formed; in air-free solutions of formic acid at 
pH 4, oxalic acid is apparently also formed.¥ Helium-ion irradiation of air-free formic 
acid solutions *4 gives glyoxal, glyoxylic acid, and formaldehyde, with small amounts of 
carboxylic acids containing more than one carbon atom. Hydroxy-acids ** yield keto- 
acids as the main organic product. Among the products formed in the irradiation of the 
chloroacetic acids 5 are hydrogen, hydrogen peroxide, and inorganic chloride; in the case 
of monochloroacetic acid, small amounts of glyoxylic acid, formaldehyde, and carbon 
monoxide were also found; in aerated solutions of monochloroacetic acid, glyoxylic acid 
and glycollic acid are the main organic products. 

Irradiation of chloroacetic acid 5 seems to indicate that the chlorine atom has a specific 
influence. In view of this, we studied the irradiation of acetic acid and glycollic acid, some 
information on the radiation-induced reactions of these being available in the literature. 


RESULTS 
Irradiations were carried out with X-rays (200 kv) in deoxygenated aqueous solutions of the 
acids (see Experimental). 
Fig. 1 shows the concentration dependence of the initial yields of hydrogen from 10™m- to 
10-0m-glycollic acid at pH 1-0 and 4-2. Table 1 gives the cortesponding yields of carbon dioxide 


TABLE 1. Concentration dependence of the yields (G-values) of carbon dioxide and carbon 
monoxide in the irradiation (X-rays, 200 kv) of aqueous solutions of glycollic acid at 
pH 1-0 and 4-5 in the absence of oxygen. 








Yields Yields 
Glycollic acid ‘G(CO,) G(CO) Glycollic acid ‘G(CO,) G(CO) 
concn. (M) pH10 pH45 pH10 pH 45 concn. (mM) pH10 pH45 pH10 pH45 
10-4 0-10 O15 sbi tt 0-5 0-35 1:10 007 0-09 
10-8 0-10 O15 ae an 1-0 0-71 193 009 0-14 
1078 0-10 O15 aN ‘nt 3-0 144 353 O13 0-26 
0-1 0-15 035 002 0-02 7-0 235 626 0-25 0-34 


and carbon monoxide, the latter occurring only, and in small amounts, at the higher con- 
centrations. Glyoxylic acid was also produced from deaerated aqueous 10°—10™m-glycollic 
acid, the yields being greater at pH 5 than at pH 1. 

It is readily seen from Fig. 1, that at pH 1-0, the yield of hydrogen increases up to a con- 
centration of 10m-glycollic acid, after which it remains about constant at G(H,) ~4-3 up to 
10-'m-glycollic acid and then decreases with further increase in solute concentration. At 
pH 4-5, however, G(H,) ~2-5 is at its maximum in 10m-solutions and decreases continuously 
up to 7-0m-glycollic acid solutions. 

The gaseous products from dilute aqueous acetic acid were hydrogen, methane, and carbon 
dioxide, with traces of carbon monoxide and ethane. Fig. 2 shows the variation of the yields 
of hydrogen with acetic acid concentration (10-*—8-0m) which show maxima of G(H,) 3-9 at 
pH 1 and G(H,) ~2-4 at pH 4-5. 


* Johnson, Scholes, and Weiss, ]., 1953, 3091. 

* Pratt and Putney, Rad. Res., 1954, 1, 234; 1956, 5, 134. 

5 Hayon and Weiss, Proceedings of 2nd International Conference on the Peaceful Uses of Atomic 
Energy, Geneva, 1958, Vol. 29, p. 80. 
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Fig. 3 shows that on irradiation of air-free acetic acid solutions at pH 1-0 and 4-5 the yields 
of methane and carbon dioxide rise sharply with increase in acetic acid concentration. Figs. 4 
and 5 show the effect of acetic acid and glycollic acid concentration, respectively, on the initial 
yields of hydrogen peroxide in air-free solutions at pH 1-0 and 4-5. 


Fic. 1. Dependence of the yield of hydrogen on 
the concentration of glycollic acid in the 
irradiation of deoxygenated aqueous solutions 
with X-rays (200 kv); dose vate 3-37 x 107 
ev/N per min., at pH 1:0 (CO) and pH 4:5 (()). 
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Fic. 4. Dependence of the yields of ‘‘ molecular ”’ 
hydrogen peroxide on the concentration of acetic 
acid in the irradiation of deoxygenated aqueous 
solutions with X-rays (200 kv); dose vate 3-37 
x 10-7 ev/N per min., at pH 1-0 (©) and pH 





Fic. 2. Dependence of the yields of hydroyen 
on the concentration of acetic acid in the 
irradiation of deoxygenated aqueous solutions 
with X-vays (200 kv); dose rate 3-37 x 10°? 
ev/N per min., at pH 1-0 (O) and pH 4-5 (2). 
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Fic. 3. Dependence of the yields of methane and 


carbon dioxide on the concentration of acetic acid 
in the irvadiation of deoxygenated aqueous solutions 
with X-rays (200 kv); dose rate 3:37 x 10°? ev/N 
per min., CH, (7], pH 1-0; L., pH 4-5): CO, (A, 
pH 1-0; A, pH 4-5). 


Fic. 5. Dependence of the initial yields o, 
“‘molecular”’ hydrogen peroxide on the con- 
centration of glycollic acid in the irradiation of 
deoxygenated aqueous solutions with X-rays 
(200 kv); dose rate 3-37 x 10-7 ev/N per min., 
at pH 1-0 (OC) and pH 4-5 (D2). 
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Absorption of radiation energy by water has been assumed to involve the reaction,® 
H,O ~~~» H + OH, and the “ molecular ”’ process,? 2H,0 -~»H, + H,0,. 


® Weiss, Nature, 1944, 158, 748. 
7 Allen, Ann. Rev. Phys. Chem., 1952, 3, 57. 
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In the irradiation of glycollic acid solutions the following reactions have to be 
considered: 


OH + HO:CHy°CO,H —t HO-CH'CO,H+H,O . . ~~... Gl) 
H + HO-CHyCO,H — HO-CH'CO,ZH+H,- - - - ee ee 

In acid solutions § we have: 
H+ Ht => H,+ ee ee ee ee 
H,* ++ HO*CHyCO,H — HO-CH'CO,H++H,+Ht 2... 


Reactions (2) and (4) account for the yield of hydrogen obtained on irradiation of 10? to 
10‘m-glycollic acid at pH 1-0, where G(H,) = 4:3 (Fig. 1) based on taking Gy,” 0-57 and 
Gy” 3-70.2 With >10°m-glycollic acid at pH 1-0, not all the available hydrogen atoms 
undergo reactions (2) and (4), but the hydrogen yield increases with increasing solute 
concentration. However, at concentrations above 0-1m, the yield of hydrogen decreases 
again with increasing solute concentration, and the above reactions alone cannot account 
for the experimental results. 

A similar behaviour was found on irradiation of air-free solutions of monochloroacetic 
acid 5 at pH 1-0: above 0-1m, the yield of hydrogen decreased, leading to a corresponding 
increase in the yield of inorganic chloride. It was suggested there that the precursors of 
the hydrogen atoms can, under certain conditions (depending on solute concentration, 
pH, etc.), react differently with the solute molecule. 

Passage of ionising radiation through water is known to result in ionisation and excit- 
ation, giving some excited molecules (H,O*) and “ self-trapped”’ electrons and holes, 
(H,O)~ and (H,O)*, i.e., negative and positive polarons.® 

The excited water molecules, which are apparently formed only in low yield, will 
dissociate : 

ee ee 


The polarons themselves are rather stable and behave differently from hydrogen atoms.” 
As in the reaction with monochloroacetic acid, they should react with the glycollic acid 
according to the scheme: 


(H,O)~ + HO*CH,yCO,H — OH- + CHyCO,H-+H,O. . . . . . © 


It is suggested that this process is responsible for the decrease in the yield of hydrogen 
from >0-1m-glycollic acid at pH 1-0. In very dilute solutions of glycollic acid (10*— 
10°°m) at pH 4-2, it was found that G(H,) = 2-5. This is appreciably smaller than can be 
accounted for on the basis of the “‘ molecular ’’ hydrogen yield plus reaction (2), the yield 
for hydrogen atoms being taken as Gg¥ 2-9, in near-neutral solution. This difference is 
explained as due to favouring of reaction (6) even at lower solute concentration under 
conditions of the relatively high pH of 4-2. This points to a competition for the polaron 
according to reactions (6) and (7): 


GLO + Ha HOFH. wt tt eh tC GD 


Such competition have been established recently by Allan and Scholes." 

On irradiation of acetic acid solutions at pH 1-0, the yield of hydrogen (Fig. 2) increased 
steadily with increase in solute concentration from 10m to 10M, reaching a maximum of 
G(H,) 3-9. This value is less than the maximum yield of hydrogen, G(H,) ~4°3, expected on 
the basis of the number of available H atoms (Gg” 3-7) plus “ molecular ’’ hydrogen (Gy," = 
0-57). Dehydrogenation of the methyl group by hydrogen atoms in acetic acid seems to be 
less favourable than that of methylene groups in glycollic or monochloroacetic acid. 
Indeed, on irradiation of air-free acetic acid solutions, hydrogen atoms or their precursors 

* Weiss, Nature, 1950, 165, 728. 

* Johnson and Weiss, Proc. Roy. Soc., 1957, 240, A, 189. 


1© Weiss, Nature, 1960, 186, 751. 
11 Allan and Scholes, Nature, 1960, 187, 218. 
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appear to react also with hydrogen peroxide (see Fig. 4). At >0-5m-acetic acid, the yield 
of hydrogen decreases with further increase in the concentration of the solute (Fig. 2), but 
here this decrease cannot be explained on the basis of reactions similar to reaction (6). 

With carboxylic acids such as acetic acid which have no strong electron-accepting 
groups in the a-position, the polaron apparently reacts with the carboxyl group, viz. : 


(H,O)- + CHsCO,H — (CHyCO,H)- + HO... . .. . & 


giving an unstable ionic species which may dissociate in one of the following ways: 





pif CHOO°+ OH Se a ame 
(CHy’CO,H)- ee ee 
leis OOOH Uo 





The CH,°CO radical should afford carbonyl compounds; in fact we detected biacetyl and 
acetaldehyde in irradiated solutions of 1-O0m-acetic acid (but not of less concentrated acid), 
the yield of total carbonyl corresponding to G ~0-3, calculated on the basis of the extinction 
coefficient of acetaldehyde. Garrison e¢ al.” also found carbonyl compounds (acetone and 
acetaldehyde) on helium-ion irradiation of concentrated solutions of acetic acid (but not 
biacetyl). Hart ® found formaldehyde on cobalt y-irradiation of 1-0m-formic acid 
solutions. In our experiments, there is some indication that acetone is formed in 1-0m- 
solutions at pH 4-5 but the spot obtained on the paper chromatogram was rather faint. 
While hydroxyl radicals can cause dehydrogenation according to reaction (1) and (10): 


OH + GH,°CO,H — CHyCO,H+H,O . . . . ~~. (10) 
the (H,O)* and possibly also the hydroxyl radical could oxidise the carboxyl group: 
(H,O)* + CH,;*CO,H — CHyCOO+H,O+Ht . . . . .. 
this being followed by decomposition of the radical: 
CHyCO-O —w CH; +CO,. . .......s (12) 


The yield of carbon dioxide obtained on irradiation of glycollic acid and acetic acid does, 
in fact, increase appreciably at solute concentrations above 0-1m (Table 1 and Fig. 3). At 
high concentrations, in near-neutral solutions, the yields of carbon dioxide are somewhat 
higher than would be expected from the radicals only. This may be due to a chain reaction, 
as was suggested for irradiation of concentrated solutions of formic acid.*/ 

Reaction (12) can also account in part for the increase in the yield of methane on irradi- 
ation of solutions of >0-Im-acetic acid (Fig. 3), since the methyl radical can cause 
dehydrogenation : 


CH, + CHs°CO,H —t CH, + CHYCOWH . «ww ND 
and may dimerise: 
Sigewtie Ci se 818 SY SP wa 
The CH,°CO,H and the HO-CH-CO,H radical formed may also dimerise: 
2CHy°CO,H ——B (CHyCOWH)g © - 2 se ee ee IS) 
2HO*CH*CO,H —B [CH(OH)CO,H], - - ss ee ee NB) 
CH,*CO,H + HO*CH*CO,H —t CO,H*CHyCH(OH)"COZH . « . . - (ID) 


It is noteworthy that tartaric acid has been detected in the y-irradiation of deaerated 
aqueous solutions of glycollic acid." 

The yield of hydrogen obtained on irradiation of acetic acid solutions at pH 4-5 increases 
almost linearly up to 0-1m-acetic ‘acid and then remains almost constant to 5-0m-solutions. 
In order to account for the low yields of hydrogen obtained at the lower concentrations of 
acetic acid at both pH 4-5 and 1-0, as compared with those from glycollic acid, one must 


#2 Grant and Ward, J., 1959, 2654, 2659. 
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assume that dehydrogenation of acetic acid by hydrogen atoms or H,* ions in solutions of 
low pH does not occur readily and that the polaron and probably also hydrogen atoms 
may be involved in some other chemical reactions. The yields of “‘ molecular ’’ hydiogen 
peroxide formed on irradiation of air-free acetic acid solutions confirm this. Fig. 4 gives 
the initial yields of ‘ molecular ’’ H,O, as obtained from 10° to 5-Om-acetic acid. At pH 
1-0 it increases from G 0-1 in 10m- to G 0-75 in 0-5m-acetic acid and then falls to G 0-15 in 
5-Om-acid. This curve follows, more or less, that of the hydrogen yield at pH 1-0 (Fig. 2). 
The yield of hydrogen peroxide at pH 4-5 (Fig. 4) also increases with solute concentration 
from G 0-22 in 10%m-solutions to G 0-36 in 0-5m-acid and then decreases with further 
increase in acetic acid concentration. 

Fig. 5 shows, for comparison, the yields of “‘ molecular " hydrogen peroxide obtained on 
irradiation of glycollic acid solutions at pH 1-0 and 4-5 over the concentration range 10% 
to 1-Om. The yield of “ molecular ”’ hydrogen peroxide obtained on X-ray irradiation of 
dilute solutions of glycollic acid was found to be G 0-8 at pH 1-0 and G 0-62 at pH 45 
(Fig. 5). As in the case of cobalt y-irradiation,’ the yield of ‘‘ molecular ’’ hydrogen 
peroxide on use of 200 kv X-rays is also smaller in neutral than in acid solution. It should 
be noted, however, that the yield of Gg,o,” 0-8 observed at pH 1-0 from glycollic and acetic 
acid is not the yield extrapolated to infinite dilution and is therefore smaller than the “ true” 
value of Gy,o,” 1-06 obtained recently for 200 kv X-rays.*-™4 

The decrease in the yield of hydrogen peroxide with increase in solute concentration is 
explained as due to competition between the solute molecule and the precursors of 
hydrogen peroxide. However, the smaller yields of hydrogen peroxide obtained on 
irradiation at solute concentrations below 10°*—10™m and at low pH, ¢.g., in acetic acid 
(Fig. 4), can only be accounted for if one assumes that some reactive species (H,O~ or H) 
decomposes the “ molecular’”’ hydrogen peroxide, whereas, at higher acetic acid con- 
centrations, the hydrogen atoms or (H,O)~ react preferably with the solute. 

At pH 4-5, the yield of “ molecular”’ hydrogen peroxide obtained on irradiation of 
dilute solutions of acetic acid is much lower than from glycollic acid. It appears also that, 
in the presence of a solute which is a relatively poor acceptor of polarons and free radicals, 
e.g., acetic acid, the back-reaction of hydrogen peroxide with the reactive species formed 
on irradiation is more prominent at higher than at the lower pH (Fig. 4), which suggests 
the reaction: 

(H,O)- + HO, —® OH-+OH+H,O ...... . (18) 


EXPERIMENTAL 


Irradiations were carried out with a Victor Maximar X-ray therapy tube operated at 
200 kv and 15 ma. The solutions (100 ml.) were irradiated in Pyrex-glass vessels, with a dose 
rate of 3-37 x 107 ev/N per ml. per min. as measured by the ferrous sulphate dosimeter, 
G(Fe**) = 15-5. The yields of the products at solute concentration above 107m were corrected 
for absorption by the solute.” 

The X-radiation used had an effective wavelength of about 0-3A. The energy absorption 
per g. of the 10m-glycollic acid is 6% less than per g. of water; the density of the 10m-glycollic 
acid solution was found to be 1-05 (at 20°); the total energy absorption of 10m-glycollic acid 
solution per ml. is thus practically the same as that of water. 

Triply distilled water was used throughout, obtained by distilling ordinary distilled water 
from potassium permanganate and then from sulphuric acid. 

The solutions were evacuated by means of a mercury-diffusion pump backed by a two-stage 
oil-pump down to 10% mm. Hg. 

“ AnalaR ” reagents were used. Adjustments of pH were carried out with sulphuric acid 
or with sodium hydroxide. 

Gas Analysis.—The gases formed on irradiation were pumped from the vessel, by means of a 

% Allen and Holroyd, J. Amer. Chem. Soc., 1955, '77, 5852. 


1 Backhurst, Johnson, Scholes, and Weiss, Nature, 1959, 188, 176. 
4* Spiers, Brit. J. Radiol., 1946, 19, 52. 
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Tépler pump, through a trap containing solid carbon dioxide—methanol. The gas was collected, 
measured, and determined by mass-spectrometry. 

Determination of Hydrogen Peroxide.—The method of Egerton et al. * was used, which is 
based on the oxidation of ferrous to ferric thiocyanate, latter being measured colorimetrically at 
450 mp by a “ Unicam ”’ Spectrophotometer S.P. 500. Calibrations were always carried out 
simultaneously, a hydrogen peroxide solution standardised with titanium sulphate reagent 27 
being used. 

Detection of Carbonyl Compounds.—The presence of biacetyl and acetaldehyde on irradiation 
of aqueous solutions of glycollic acid above 0-1m at pH 1-0 and 4-5 has been confirmed by 
paper chromatography.** Total carbonyl was determined by Johnson and Scholes’s method.!® 


We thank Dr. G. Scholes for valuable discussions, and the Northern Council of the 
British Empire Cancer Campaign and the Rockefeller Foundation for financial support. 


UNIVERSITY OF DURHAM, KING’s COLLEGE, 
NEWCASTLE UPON TYNE, l. [Received, March 28th, 1960.) 


16 Egerton, Everett, Minkoff, Rudrakanchana, and Salooja, Analyt. Chim. Acta, 1954, 10, 422. 
17 Eisenberg, Ind. Eng. Chem. Analyt., 1943, 15, 327. 

18 Gasparic and Vecera, J]. Chromatography, 1958, 1, XVIII. 

19 Johnson and Scholes, Analyst, 1954, 79, 217. 





984. Fungicidal Activity and Chemical Constitution. Part VIII.* 
Synthesis of 6-n-Alkyl-8-hydroxyquinolines. 
By D. R. Ciirrorp, R. H. Davis, and D. Woopcock. 


Seven new analogues have been prepared for an investigation into the 
réles played by chelation and lipoid solubility in the fungistatic activity of 
8-hydroxyquinoline. 


WHEN tested as unchelated molecules against the mycelium of Aspergillus niger, the 
5-n-alkyl-8-hydroxyquinolines prepared earlier! showed maximum fungistatic activity 
at a chain length of 5—6 carbon atoms, whereas in the presence of metal ions the pattern 
of fungistatic activity was markedly different.2 Thus, maximum activity in the presence 
of Cu®*, Fe®*, Zn?* was found with 8-hydroxyquinoline and the 5-methyl analogue. 

Chelate compounds based on 8-hydroxy-6-methylquinoline have been mentioned as 
fungicides in two patents cited by Hollingshead * but this appears to be the only 6-n-alkyl- 
8-hydroxyquinoline so far described. In view of the results obtained with 5-substituted 
8-hydroxyquinolines, some of the higher members of the 6-n-alkyl series have been 
examined. 

Fischer and Willmach * prepared 8-hydroxy-6-methylquinoline by sulphonation of the 
toluene-p-sulphony] derivative of p-toluidine, followed by a Skraup reaction and subsequent 
fusion with sodium hydroxide. We found this method preferable to that involving 
nitration of the m-alkylphenol, reduction, and subsequent Skraup reaction, and it was 
therefore used for all members of the series. In another route good yields of 6-alkyl-8- 
nitroquinolines were obtained by the Skraup reaction but reduction to the corresponding 
amines and decomposition of the derived diazonium salts ® gave only negligible yields 
of the required 8-hydroxyquinolines. 


* Part VII, Byrde and Woodcock, Ann. Appl. Biol., 1959, 47, 332. 
' Woodcock, /J., 1955, 4391. 
* Byrde, Clifford, and Woodcock, Ann. Appl. Biol., 1958, 46, 167. 
* Hollingshead, ‘‘ Oxine and its derivatives,”’ Butterworths, London, 1956, p. 800. 
‘ Fischer and Willmach, Ber., 1884, 17, 441. 
5 Noelting and Trautmann, Ber., 1890, 23, 3669. 
8B 
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Biological testing was carried out (as previously described *) by Dr. R. J. W. Byrde 
using A. niger, and the results will be published elsewhere later. 


EXPERIMENTAL 


n-Alkyl p-Aminophenyl Ketones.—Hartung and Foster’s method ® was satisfactory with 
the following modification. After the Fries migration, which was done in carbon disulphide, 
the mixture was cooled, decomposed with ice-cold 10% hydrochloric acid, and extracted with 
ether. Evaporation of the solvents gave an oil which was hydrolysed by refluxing it overnight 
with 20% hydrochloric acid. The solution was then cooled, made alkaline with 40% sodium 
hydroxide, and extracted with ether. Removal of solvent from the dried (Na,SO,) extract 
and distillation of the residue gave aniline followed by the required amino-ketone. 


n-Alkyl p-aminophenyl ketones. 
Found (%) Required (%) 
Solvent tf H Formula Cc 
Aq. MeOH . . . CyH,,NO 73-6 


> 4 


PPI]! 
rowwoenm 


, , ° C,,H,NO 746 
Aq. MeOH , , : Cy.H,,NO 175-4 
B , ° : C,;H,NO 76-1 
B ° : 45 C,H,NO 76-7 

* Kunckel ® gives m. p. 84°. 
+ A = benzene-light petroleum (b. p. 40—60°); B = benzene-light petroleum (b. p. 60—80°); 


p-n-Alkylanilines.—These were conveniently prepared by hydrazine reduction’ of the 
above amino-ketones and were isolated by steam distillation. p-Ethylaniline was obtained 
similarly from commercially available p-nitroacetophenone. Attempts to prepare /-nitro- 
propiophenone by Comanducci and Pescitelli’s method * gave only benzoic acid. Analytical 
details for the toluenesulphonyl! derivatives are given in ‘the Table. 


p-n-Alkyl-N-(toluene-p-sulphonyl)antlines. 

Found (%) Required (%) 
H Formula ‘ 
3 C,,;H,,NO,S 

CygHigNO,S 


Solvent t¢ Cc 
5- 
6. 
Cy,H,,NO,S __ 67- 
8: 
8: 
9- 


B 
B 
B 
Cc 
Aq. MeOH 
Aq. MeOH . CypH,,NO,S 6 
* Hickinbottom and Waine ! give m. p. 113—114° 
+ C = light petroleum (b. p. 40—60°). 


Z 


e 


CyH,,;NO,S 
CigHygNO,S 


SQA2aoee 

SRBBISNOS 

i ee He i Or 

i ee AT 

IIISSES 

Saetooaro T 
io) | 


eno 1 


4-n-Hexylaniline-2-sulphonic Acid.—The preparation of this compound is typical of the 
method used for the sulphonic acids listed in the Table. The toluene-p-sulphonyl derivative 
of p-n-hexylaniline (5 g.), sulphuric acid (6 ml.), and oleum (2 ml.) were heated at 96° for 2 hr., 
and the mixture poured on crushed ice (50 g.). The product was collected, washed with water, 
and crystallised from aqueous ethyl alcohol (3-2 g., 44%). 


4-n-Alkylaniline-2-sulphonic acids. 
Found (%) Required (°%) 
Alkyl M. p. Solvent Cc H N S Formula ¥ H ’ 
C,H, > 300° H,O 47- , -75 C,H,,NO,S . 
C,H, >300 H,O -— C,H,,NO,S 
C,H, 265—266 (decomp.) MeOH 52- CypH,,NO,S ! 
C,H,, 267—268 (decomp.) MeOH 54- C,,H,,NO,S 
C,H,, 263—264 (decomp.) Aq. MeOH 55- C,,.H,,NO,S 
C,H,, 263—264 (decomp.) Aq. EtOH — C,,H,,NO,S 
C,H,, 265—266 (decomp.) MeOH 58-6 C,,H,,3NO,S 


* Hartung and Foster, J. Amer. Pharm. Assoc., 1946, 35, 15. 
7 Huang-Minlon, J. Amer. Chem. Soc., 1948, 70, 2803. 

* Comanducci and Pescitelli, Gazzetta, 1906, 36, 790. 

* Kunckel, Ber., 1900, 33, 2643. 

” Hickinbottom and Waine, /J., 1930, 1558. 
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6-n-Propylquinoline-8-sulphonic Acid.—Typical details of the preparation of the 6-n-alkyl- 
quinoline-8-sulphonic acids, based on those of Richter and Smith," are given below. A 
mixture of 4-n-propylaniline-2-sulphonic acid (3-6 g.), dried glycerol (5-5 g.), ferrous sulphate 
(2 g.), and sulphuric acid (8 ml.) was stirred and heated at 80—100° for 0-5 hr. After addition 
of arsenic pentoxide (3 g.) heating was continued at 130—140° until the mixture solidified 
(I—2 hr.); it was then extracted with boiling water (3 x 50 ml.), and the extracts were 
combined, filtered, and cooled. The product crystallised in fine needles (2-6 g., 62%). 

With homologues from hexyl upwards the solid mixture was triturated with cold water and 
filtered and the residue extracted (Bolton extractor) with ethyl alcohol for 2—3 hr. 

Since these acids were troublesome to burn and gave unreliable carbon values, only nitrogen 
(Dumas) and sulphur (Schéniger) !* values are given in the Table. 


6-n-Alkylquinoline-8-sulphonic acids. 


Found (%) Required (%) 
Solvent N Ss Formula N Ss 
H,O 13-5 C,,H,,NO,S 13-5 
12-2 C,,H,,NO,S 12-8 
12-2 C,;H,,NO,S 12-1 
11-2 C,,H,,;NO,S 11-5 
10-7 C,;H,,NO,S 10-9 
10-4 10-4 
9-9 10-0 


or 
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C,Hys 
BY bi écssoce 234-5—235-5 

6-n-Heptyl-8-hydroxyquinoline.—6-n-Heptylquinoline-8-sulphonic acid (0-5 g.) was stirred 
with molten potassium hydroxide (2-5 g.) for 2—3 min. The cooled melt was then lixiviated 
with water, acidified with hydrochloric acid, and basified with ammonia solution (d 0-88). The 
product, isolated by steam distillation and ether extraction of the distillate, crystallised from 
light petroleum (b. p. 40—60°); it (0-3 g.) had m. p. 64—65°. 

The lower homologues were readily purified by sublimation in vacuo. 


6-n-Alkyl-8-hydroxyquinolines. 
Found (%) Required (%) 
Solvent ¥ H H N 
Aq. MeOH 76 
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The authors thank Mr. S. Breuer for assistance with part of the experimental work. 


DEPARTMENT OF AGRICULTURE AND HORTICULTURE, UNIVERSITY OF BRISTOL, 
RESEARCH STATION, LONG ASHTON, BRISTOL. [Received, April 6th, 1960.) 


1 Richter and Smith, ]. Amer. Chem. Soc., 1944, 66, 396. 
"2 Schéniger, Mikrochim. Acta, 1956, 869. 
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985. Spectroscopic Studies of Phenols. Part II.1 The Free 
Hydroxy Stretching Frequencies. 
By N. A. PUTTNAM. 


Further evidence is presented to show that in all phenols the hydroxyl 
group is coplanar with the aromatic ring and that in ortho-substituted phenols 
the hydroxyl group exists in cis- and trans-orientations with respect to the 
ortho-position. When the ortho-substituent is likely to take part in intra- 
molecular hydrogen bonding the stretching frequency of the trans-hydroxyl! 
group can be related to the substituent constant, as in other phenols. 


In Part I! the effect of substituents on the formation of intermolecular hydrogen bonding 
in phenols in the liquid state was described. Since it is now well established that the 
spectral characteristics of vibrational bands of functional groups attached to an aromatic 
ring are systematically influenced by the position and nature of other substituents within 
the ring, the small variations of the free hydroxyl stretching frequencies were not 
unexpected. 

Thompson and Steel? have shown that the frequency and intensity of the cyano- 
group stretching vibration in meta- and para-substituted benzonitriles were essentially 
linear functions of the Hammett constant o of the substituent, and that the relations held 
for different solvents. Similar relations have been established for the pair of amino-group 
stretching vibrations of meta- and para-substituted anilines, in both the fundamental *® 
and the overtone regions,‘ for the imino-group stretching vibration in substituted N-methyl- 
anilines,? and for the carbonyl-group stretching vibration in meta- and para-substituted 
ethyl benzoates, benzaldehydes, and acetophenones.® 

It had earlier been shown by Ingraham e¢ al.* that the hydroxyl stretching frequencies 
of meta- and para-substituted phenols could be correlated to the Hammett constant « 
when hydrogen bonding was absent. A similar relation was shown to exist for the in- 
tensities of these vibrations by Brown’ and Stone and Thompson,® where it was found 
that the intensity increased as the electron-attracting power of the substituent increased. 

Lately, these correlations have been refined *® by splitting the substituent constants 
into their inductive and resonance contributions; plotting log (intensity) or frequency 
against the inductive parameter o, for meta-substituents gave a straight line, and if the 
deviations of para-substituents from this line were then plotted against the resonance 
parameter cy another straight line was obtained. 

Krueger and Thompson,® using Taft’s values !° for ortho-substituents, recently showed 
that these relations held for the cyano-group stretching vibration of ortho-substituted 
benzonitriles, but that no such agreement existed for either the carbonyl-group stretching 
vibration in ortho-substituted ethyl benzoates and benzaldehydes or for the pair of 
amino-group stretching vibrations in ortho-substituted anilines; this was considered to be 
due to intramolecular hydrogen-bond formation. In the case of ortho-substituted phenols 
the results agreed with those for meta- and para-substituents except when the ortho- 
substituent was likely to take part in intramolecular hydrogen bonding. 

The evidence presented in the present paper shows that such phenols do agree with 
these relations if the minor absorption bands, due to free hydroxy] groups, are considered 
Part I, J., 1960, 486. 

Thompson and Steel, Trans. Faraday Soc., 1956, 52, 1451. 

Krueger and Thompson, Proc. Roy. Soc., 1957, A, 248, 143. 

Whetsel, Roberson, and Krell, Analyt. Chem., 1958, 30, 1598. 
Thompson, Needham, and Jameson, Spectrochim. Acta, 1957, 9, 208. 
Ingraham, Corse, Bailey, and Stitt, J. Amer. Chem. Soc., 1952, '74, 2297. 
Brown, J. Phys. Chem., 1957, 61, 820. 

Stone and Thompson, Spectrochim. Acta, 1957, 10, 17. 


Krueger and Thompson, Proc. Roy. Soc., 1959, A, 250, 22. 
Taft, “‘ Steric Effects in Organic Chemistry,”’ Chap. 13, Wiley, New York, 1956. 
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rather than the major absorption bands, which arise from the intramolecular hydrogen- 
bonded hydroxyl vibrations; further, that in all phenols the hydroxyl group is coplanar 
with the aromatic ring. 


Results —The spectra were determined for CCl, solutions at concentrations considerably 
below those required for intermolecular hydrogen bonding to occur. 
The hydroxyl stretching frequencies (v) of phenols with no ortho-substituents are listed in 


TABLE 1. Hydroxyl stretching frequencies (cm.*) of phenols with no ortho-substituents. 
[Apparent half-band widths (cm.*) in parentheses.]| 
Sub- Sub- 
stituent Xe v(O-H) Mean lit. values stituent Xe =v (O- 0) Mean lit. values 
None 0 3611 (18) 3609 + 1*(19 + 2) 4But —0-22 3614(20) 3612 
3NH, —0-16 3612 4-Ph 0-01 3611 + 1 (21) 
3-NO, 0-71 3599 + 1°(24)  4-MeO —0-27 3614 + 2/ (21 + 1) 
3-OH 0-002 3609 + 1 4-Ph’CH,°O —0-41* 3615 + 2 (19) 
3-Me —0-07 3611°¢ 4-OH — 0-36 3617 (18) 
3-Et —0-04 3611 4-F 0-06 3607 
3,5-Me, —0-177 3613 (21) 3612 + 1 (22) 4-Cl 0-23 3608 + 19 (21 + 1) 
3-CHO 0-35 3604 + 1 (22) 4-Br 0-23 3607 (24) 3607 + 14 (22 + 1) 
3-OMe 0-12 3612¢ 28 3599 
3-F 0-34 3600 . 3594 (23) 
3-Cl 0-37 3604 + 3 (23) . 3594 + 14 (24) 
3-Br 0-39 3604 *¢ (23) ° 3594 + 2 (22) 
4-Me —0-17 3612 + 1 (18 + 1) —0- 3613 + 1 
3,4-Me -0-30® 3615 (19) 3613 + 2(19 + 1) (0,E } 3595 
4-Pr' —0-15 3616 (18) . , 3594 
4-Bu" —0-16 3617 (18) 4-Cl,3-Me 0-16 3608 (22) 
4-Bu* —0-12 3615 (19) 4-Pr', 3-Me —0-22 3616 (18) * 
* Saturated solution. 
Ref. 12 gives: * 3604, ® 3593, * 3605, ¢ 3604, * 3597, ‘ 3609, * 3602, * 3600, 3585 cm.". 


TABLE 2. Hydroxyl stretching frequencies (cm. ) of phenols with one ortho-substituent. 
[Apparent half-band widths (cm.1) in parentheses.] 
Sub- Mean lit. Mean lit. 
stituent Xe* vy (O-H) values Substituent Yo * v (O-H) values 
2-Me —0-17 3615 (21) 3614 (21-5) 4.Me, 2,5-Bu*, 3606 
2,3-Me, —0-24 3615 (21-5) 3642 
2,4-Me, —0-34 3617 (22) 3616 (21) 4-Me, 2-But 3609 (19) 3605 
2,5-Me, —0-24 3614 (22) 3614 (21) 3645 (—) 3643 
2,3,5-Me, —0-31 3617 (22) 2-F 0-24 3584 
2-Pr' 3615 + 1 (21-5) 2-Cl 0-20 3546 + 4 (22 + 1) 
4-Et, 2-Pr' 3617 (19) 3605 + 6 (—) 
3-Me, 2Pr! 3616 (19) 2,4-Cl, 0-43 3544 (23) 
3642 (—) (—) 

4-Me, 2-Bu* 3617 (20) 2-Br 0-21 3526 + 2 (21) 
2,4-Bu’, 3616 (21) 3602 + 3 (—) 
2-1 . 3500 2,4-Br, 0-44 

3593 
2-Ph 3562 +- 3 (19-5) 2-OEt —0-35 3555 (27) 

3604 + 1 (—) 3613 (—) 
2-OMe 3555 + 2(26) 2-OMe,4-CHO 0-74 3542 (25) 
2-OH . 3569 (27) 2-OMe, 4-CN 0-61 3549 (24) 

3615 (26-5) 
2-CN 3559 (23) 

3597 + 2 (—) 

* Involving Taft’s ortho-constant. 


Table 1, together with the mean literature values.**1!"18 Also listed are the apparent half- 
band widths (Av,*) and the Hammett constant o™ of the substituent (So when more than one 
substituent is present). These phenols showed only one absorption band in this region. 


1 Goulden, Spectrochim. Acta, 1953, 6, 129. 

12 Baker, J. Phys. Chem., 1958, 62, 744. 

18 Moccia and Thompson, Proc. Roy. Soc., 1957, A, 248, 154. 
M Jaffe, Chem. Rev., 1953, 58, 191. 
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Similar data for phenols with one ortho-substituent are listed in Table 2.%® The o-alkyl- 
phenols showed only one absorption band in this region except 2-isopropyl-3-methyl-, 4-methyl- 
2-t-butyl-, and 4~-methyl-2,5-di-t-butyl-phenol where a minor absorption band appeared on the 
high-frequency side of the main absorption band (Fig. 1); the apparent half-band widths of 
these minor absorption bands were not determined. When the ortho-substituent was halogen, 
alkoxy, phenyl, or cyano, Krueger and Thompson found that a second absorption band, not 
reported by Flett,* was present except in the case of a methoxy-group. In o-halogenophenols 
Baker ** showed that this minor band was not due to the presence of the para-isomer as an 
impurity. 


Fic. 2. Plot of hydroxyl stretching 











Fic. 1. Spectra of (A) 0o-bromo- frequency (in terms of Av, cm.) 
phenol, (B)  2,6-dibromo-4- against total substituent constant Xo. 
methylphenol, (C) 4-methyl-2-t- Sr 
butylphenol, (D) 4-methyl-2,6- 
di-t-butylphenol. " 
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minor band, o-alkoxy- or halogen. 


TABLE 3. Hydroxyl stretching frequencies (cm.~) of di-ortho-substituted phenols. 
[Apparent half-band widths (cm.) in parentheses.] 


Mean lit. Mean lit. 

Substituent xXe* vy (O-H) values Substituent Xo * v (O-H) values 
2,6-Me, — 0-34 3621-++1(20) 2,6-Et, 3622 
2,3,5,6-Me, —0-48 3622 (23) 2,6-Pr', 3618 +- 2 
2,6-Pr',, 4-Me 3623 (20) 4-Me, 2,6-Bu*, 3623 (20) 
2,6-Bu’, 3620 (19) 2,4,6-Bu’, 3620 (22) 
2,6-But, 3651 (16) 3642 4-Me, 2,6-Bu', 3649 (17) 3648 4. 2 
2,4,6-Bu', 3642 2,6-(OMe), 0-78 3548 
2,6-Cl, 0-40 3538 (23) 2,4,6-Cl, 0-63 3537 (22-5) 
2,3,4,6-Cl, 1:00 3539 (23) 2,4,6-Br, 0-65 3515 (22-5) 
2,6-Br,,4-Me 0-25 3524 (24) 2,6-Br,, 4-F 0-48 3528 (22) 
2-F, 4,6-I, 0-73 3568 4,6-Br,, 2-F 0-68 3522(25) 3522 

3504 3578 (26) 3574 
2-F, 4,6-Cl, 0-67 3541 4,6-Cl,, 2-I 0-64 3535 

3580 3502 
2-Br, 4,6-Cl, 0-64 3535 4,6-Br,, 2-I 0-65 3515 

3515 3496 


* Involving Taft’s ortho-constant. 


18 Flett, Spectrochim. Acta, 1957, 10, 21. 

16 Baker, J. Amer. Chem. Soc., 1958, 80, 3598. 

17 Goddu, Analyt. Chem., 1958, 30, 2009. 

18 Bellamy and Williams, Proc. Roy. Soc., 1960, A, 254, 119. 
1® Baker and Shulgin, J. Amer. Chem. Soc., 1958, 80, 5358. 
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This second band was relatively weak and occurred on the higher-frequency side of the 
main absorption band (Fig. 1); with catechol, however, the two bands were of almost equal 
intensity.° 

Table 3 records the data for phenols with substituents in both ortho-positions.® 172° The 
spectra of these phenols showed only one absorption band (Fig. 1) except in the unsymmetrical 
di-o-halogenophenols, where two absorption bands were present. 


DISCUSSION 


The hydroxyl stretching frequencies reported here are in agreement with those pre- 
viously reported and follow the general trend, noticed by Stone and Thompson, that as 
the electron-attracting nature of the substituent increased the hydroxy] stretching frequency 
was lowered, owing to the increased positive charge on the oxygen atom. This is the 
reverse of that found for the pair of amino-group stretching vibrations in substituted 
anilines.® 

In order that the results of various workers might be compared, Av [where Av = v 
(sample) — v (phenol)] has been plotted against }o (Fig. 2) since relative frequencies are 
known with greater accuracy than absolute frequencies. 

The usual linear plot of v against « was obtained for meta-substituents, and for para- 
substituents the expected slight deviations, due to resonance effects, were shown, the 
maximum deviation being 4 cm. for quinol. The deviations for o-alkyl substituents 
were of the same order of magnitude as those for the para-substituents. 

However, in the case of ortho-substituents that were likely to take part in intramolecular 
hydrogen bonding, ¢.g., ethoxy-, ¢yano-, and bromo-groups, the values of Av for the major 
absorption band (—54, —50, and —81 cm.+,. respectively) deviated very considerably, 
but when the values of Av for the minor absorption band were plotted, in the cases where 
the « values of the ortho-substituent were known, the agreement was as good as that 
obtained for f- and o-alkyl substituents; the maximum deviation being 4-5 cm. in the 
case of catechol, where the value of « was obtained from spectroscopic data.® 

The apparent half-band width of the hydroxyl group in 2,6-di-t-butylphenols was 
reduced, owing to compression of the hydroxyl bond (discussed below), while in other 
phenols it had previously been shown § that it increased as the electron-attracting nature 
of the substituent increased. 

Owing to the absence of interaction between the hydroxyl group and the hydrogen 
atom in the ortho-position in meta- or para-monosubstituted phenols, the hydroxyl group 
will be coplanar with the aromatic ring, thus allowing conjugation between the lone pair 
of electrons on the oxygen atoms and the aromatic x-cloud. From a study of the intensities 
of the hydroxyl-group stretching vibration in 2,6-dialkylphenols, in various solvents, 
Bellamy and Williams 18 concluded that the hydroxyl group was in the plane of the ring, 
even when the alkyl group was t-butyl. In mono-ortho-substituted phenols, if the hydroxyl 
group is in the plane of the ring, the hydroxyl group will exist in cis- and tvans-orientations 
with respect to the ortho-position, as suggested by Pauling “4 to explain the doubling of 
the hydroxyl group stretching vibration in ortho-halogenophenols. 


Hy 
fe) ot 
ae 
(1) (11) 


In structure (I) the hydroxyl group would be subjected solely to the resonance and 
inductive effects of the substituent X, as in meta- and para-substituted phenols, and would 
be expected to show a similar relationship between v and o to that shown in meta- and 
para-substituted phenols. This was found to be true when X was a methyl group.’ 


20 Baker and Kaeding, J. Amer. Chem. Soc., 1959, 81, 5904. 
"1 Pauling, J. Amer. Chem. Soc., 1936, 58, 94. 
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From Fig. 2 it is seen that it is also true for an ortho-substituent that will take part in 
intramolecular hydrogen bonding, i.e., X = OEt, CN, or halogen, when the minor absorp- 
tion band is considered. Hence this band arises from vibrations of a hydroxyl group 
in a trans-orientation (I). 

In 2,6-disubstituted phenols structures (I) and (II) would be equivalent and only one 
absorption band would be expected, corresponding to structure (II); this was found to be so. 

For phenols with two ortho-substituents, which would take part in intramolecular 
hydrogen bonding (X = Cl or Br), the value of Av is essentially the same as that of the 
major absorption band of similar mono-ortho-substituted phenols. Hence the major 
absorption band arises from vibrations of an hydroxyl group in a cis-orientation (II). 

In structure (II) the probability of interaction is greatly increased, with the result 
that hydrogen bonds of low strength are formed, which accounts for only a slight increase 
in the apparent half-band width of the hydroxyl stretching vibration and the small shift 
from the hydroxyl stretching frequency of phenol relatively to that usually found for 
intramolecular hydrogen-bond formation.2* The fact that iodine appears to form a 
stronger intramolecular hydrogen bond than fluorine has been attributed by Baker and 
Kaeding * to the smaller size of the latter. The fact that the minor absorption band was 
not detected when the ortho-substituent was a fluoro- '* or a methoxy-group ® in mono- 
ortho-substituted phenols was probably due to the low intensities of these bands. 

Two absorption bands were also detected when the ortho-substituent in mono-ortho- 
substituted phenols was t-butyl. The major band occurred at a similar frequency to that 
shown by other o-alkylphenols and could probably be related to the substituent constant. 
The minor absorption band occurred at essentially the same frequency as that for 2,6-di-t- 
butylphenols, where the cis-orientation must exist, and hence must arise from vibrations 
of a hydroxyl group in the cis-orientation. 

A t-butyl group in the ortho-position to the hydroxyl group reduced the hydroxyl 
internuclear distance, resulting in the hydroxyl stretching frequency being raised. Other 
alkyl groups in the ortho-position are not large enough to increase the hydroxyl stretching 
frequency and hence only one absorption band was detected. Similarly, in unsymmetrical 
2,6-dialkylphenols only one absorption band was detected so that the cis- and érans- 
orientation are equivalent; however, in 2-methyl-6-t-butylphenol two absorption bands 
would be expected. These results were in agreement with earlier results + where it was 
shown that intermolecular hydrogen bonding occurred in all o-alkylphenols except when 
the alkyl group was t-butyl. The occurrence of two bands in 2-isopropyl-3-methylphenol 
was due to the buttressing effect of the 3-methyl group on the isopropyl group. 

It is concluded that all phenols exist with the hydroxyl group coplanar with the ring 
and in a cis- and trans-orientation with respect to the ortho-position. If an ortho-sub- 
stituent will take part in intramolecular hydrogen bonding, e.g., phenyl, alkoxy, cyano, 
or halogen, then the hydroxyl group is mainly in the cis-orientation, but if it is a t-butyl 
group it is mainly in the ¢vans-orientation. 

Several workers have determined substituent constants from spectroscopic data; * 8 from 
Fig. 2 it is possible to obtain an approximate o value for an ortho-s-butyl group of —0-25. 


Experimental_—The phenols examined were purified by fractional distillation or recrystallis- 
ation immediately before examination. Spectra were measured on a Grubb—Parsons G.S.2A 
double-beam grating spectrometer over the range 4000—3000 cm... Hydroxyl stretching 
frequencies were determined for ‘‘ AnalaR ” CCl, solutions (<7 x 10m), with a 4-1 mm. cell. 


The author thanks Professor M. J. S. Dewar for facilities, Mr. P. D. Cook for experimental! 
assistance, and Mr. P. Marr for the samples of 2,6-dibromo-4-fluoro- and 2,4-dibromo-6-fluoro- 
phenol. 

QUEEN Mary COLLEGE (UNIVERSITY OF LONDON), MILE END Roap, 

Lonpon, E.1. [Received, April 20th, 1960.} 


22 Coggeshall, J]. Amer. Chem. Soc., 1950, 72, 2836. 
*8 Baker and Shulgin, J. Amer. Chem. Soc., 1959, 81, 1523. 
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986. The Infrared Spectra and Structures of Metal Complexes of 1,4- 
Dioxan, 1,4-Dithian, 1,4-Thioxan, Piperazine, and 1,4-Dimethylpiper- 
azine. 


By P. J. HENDRA and D. B. Powe Lt. 


Infrared absorption spectra have been determined for a number of 
complexes of certain metal chlorides with ligands mentioned in the title, 
and deductions have been drawn as to their structures. 


A NUMBER of co-ordination complexes containing ligands of the type C,H,X, (X = O, S, 
NH, and NMe) have been prepared previously,)? but there has been comparatively little 
investigation of their structures. In these complexes the ligand could have either the 
boat or the chair configuration of the six-membered ring; however, if the ligand is chelated, 
it must have the boat configuration, whereas if it is attached to different metal atoms it 
could have other structures. In non-chelate complexes the chair form seems more 
probable, as it is this form which predominates, for dioxan and dithian, in the free ligand.* 
Hassel and Pedersen * have shown from X-ray-diffraction evidence that in the complex, 
PdCl,(C,H,,N,), of 1,4-dimethylpiperazine the organic molecule has the boat configuration 
with its nitrogen atoms attached to the same palladium atom, as suggested previously 
from infrared evidence.” 

The infrared spectrum of the 1,4-dioxan compound, HgCl,(C,H,O,), has been examined 
in some detail by Tarte and Laurent, who suggest that this compound consists of chains 
of high molecular weight in which different mercury atoms are linked by dioxan molecules 
in the chair form. This conclusion has been confirmed by X-ray diffraction studies.® 

If the ligands have the boat rather than the chair structure it would be expected that 
the spectra would contain more absorption peaks, owing to the increased number of 
infrared active fundamental vibrations. Ramsey?’ points out that for 1,4-dioxan, in the 
region 1500—750 cm.7, 17 infrared-active fundamentals are permitted for the boat 
structure whilst only 11 are permitted for the chair form. 

In the present work a number of complexes of this general type, containing the ligands 
1,4-dioxan, 1,4-dithian, 1,4-thioxan, piperazine, and 1,4-dimethylpiperazine have been 
prepared, including some not previously reported. The infrared spectra of these have 
been examined in order to obtain evidence of the structure of the ligands. No attempt 
has been made here to make a detailed analysis of the spectra, but a comparison of the 
spectra of the free ligands with those of the various complexes gives useful information 
about their structures, and the results obtained are discussed here for each of these ligands. 

1,4-Dioxan and 1,4-Dithian Complexes.—The infrared spectra of metal complexes of 
the type M(C,H,O,) (M = HgCl,, CdCl,, CuCl,, and NiCl,) and M(C,H,S,) (M = AuCl,, 
CuCl,, HgCl,, CdCl,, and PtCl,) were obtained. The spectra of the various groups of 
complexes resemble each other and those of their respective free ligands very closely 
(Figs. 1 and 2). Apart from some intensity changes the only noticeable differences are 
the slightly lower frequencies of some absorption bands for the complexes than for the 
free ligand, the greatest frequency differences being less than 30 cm.!. In addition, a 
strong absorption peak at about 850 cm.1 appears in the dioxan complexes, probably 


1 Husemann, Annalen, 1862, 126, 281; Juhasz and Yntema, J]. Amer. Chem. Soc., 1940, 62, 3522; 
Rheinboldt, Luyken, and Schmittmann, J. prakt. Chem., 1937, 149, 30; Bouknight and Smith, J. Amer. 
Chem. Soc., 1939, 61, 28. 

* Mann and Watson, /., 1958, 2772. 

3 Hassel and Viervoll, Acta Chem. Scand., 1947, 1, 149; Malherbe and Bernstein, J. Amer. Chem. 
Soc., 1952, 74, 4408; Marsh, Acta Cryst., 1955, 8, 91. 

* Hassel and Pedersen, Proc. Chem. Soc., 1959, 394. 

5’ Tarte and Laurent, Bull. Soc. chim. France, 1957, 403. 

® Hassel and Hvoslef, Acta Chem. Scand., 1954, 8, 1953. 

7 Ramsey, Proc. Roy. Soc., 1947, 190, A, 562. 
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due to splitting of the band at 871 cm." for the pure ligand. Solid-phase spectra of 
both ligands show splitting of this absorption band (cf. Malherbe et al.’). 

The similarity of spectra of the complexes and the free ligand has been previously 
observed for HgCl,(C,H,O,) and interpreted as indicating that the organic molecules 
exist in the same configurations in the complexes and in the free ligand. Since there 
is good evidence that both dioxan and dithian consist of molecules in the chair configuration 
in both the liquid and the solid state, it is probable that the structures of the ligands in 


Fic. 2. Infrared spectra of: (5) 1,4-dithian and (6) 
its complex, L,HgCl,; (7) 1,4-thioxan and (8) 
its complex, L,,HgCl,. The broken line in (5) is 


Fic. 1. Infrared spectra of: (1) 1,4-dioxan and its 
complexes, (2) L,HgCl,, (3) L,Al,Br,, and (4) 
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these complexes are also of the chair type. These complexes all give an analysis 
M(C,H,O,) or M(C,H,S,) and, if the metal atoms have their usual co-ordination numbers, 
the complexes could either have a monomeric structure in which a chelate ligand occupies 
cis-positions about the metal nucleus, or a polymeric structure with chains of metal atoms 
linked by dioxan or dithian molecules. Since dioxan and dithian appear to have the 
chair configuration in these complexes, the latter type of structure is more probable. 
Sheka and Karlysheva ® report the existence of some complexes of aluminium halides 


* Sheka and Karlysheva, Zhur. obshchei Khim., 1951, 21, 833. 
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in which dipole-moment evidence has shown that the dioxan molecule is joined to alu- 
minium by only one oxygen atom. It was considered that, because of the lower symmetry 
of the ligand molecules, the infrared spectra of these compounds might show interesting 
differences from those discussed above. The compounds Al,Br,(C,H,O,) and AICI,(C,H,O,) 
which are stated to be of this type, were prepared and their infrared spectra obtained, 
but it was found that the spectra of these two complexes were again similar to that of the 
free ligand; however, there is an additional band at about 850 cm.*, as in the other series 
of complexes examined, and some of the absorption bands are split into doublets. There 
are also some marked changes in the strengths of the bands (Fig. 1). It is clearly difficult 
to distinguish between these complexes and others containing dioxan in the chair form 
and doubly co-ordinated. 

Rolsten and Sisler * report a compound TiBr,(C,H,O,) and suggest, on the basis of its 
infrared spectrum and preliminary X-ray investigations, that it contains chelated dioxan 
molecules. This compound was prepared, and its infrared spectrum obtained. The 
absorption-band frequencies agreed closely with those published and, apart from some 
intensity variations, the spectrum of this compound resembles that of Al,Br,(C,H,O,). 
It therefore probably has the same structure, t.e., the chair configuration of the six- 
membered ring with one oxygen atom attached to a metal ion. This conclusion is 
supported by Daasch’s recent work.” 

1,4-Thioxan Complexes.—Three co-ordination complexes of thioxan have been prepared 
having empirical formule HgCl,(C,H,OS),, CuCl,(CsH,OS),, and PtCl,(C,H,OS),, and 
their spectra, together with that of the free ligand in the liquid phase, have been obtained. 
Again the spectra of the complexes and ligand are very similar, suggesting that the 
structures of the six-membered ring are the same in all cases. The formule of the com- 
plexes indicate that, if the metal ions have their usual co-ordination numbers, the complexes 
are monomeric and contain thioxan in the chair form, either sulphur or oxygen being 
joined to the metal atom. 

No cases have been found where a metal ion forms bonds with both oxygen and sulphur 
so as to give a polymer. This was expected since oxygen and sulphur show marked 
differences in their tendencies to form bonds with metal ions. 

Piperazine Complexes.—The structure of piperazine, unlike those of dioxan and dithian, 
has received little attention, apart from an investigation of 1,4-dichloropiperazine reported 
by Andersen and Hassel." The infrared spectrum of piperazine in CCl, in many respects 
resembles those of 1,4-dithian and -dioxan, so it seems probable that it has the same 
structure. Two additional absorption peaks found in the region of 1100 cm.* are probably 
associated with the NH group vibrations. This structure was confirmed by the 
preparation of a complex in which piperazine “ bridges’’ two metal atoms. The 
reaction of aqueous piperazine and Zeise’s salt (K[C,H,PtCl,],H,O) gives a compound 
(PtCl,,C,H,).(CgHy)N.) (I). The ¢rans-directive property of the ethylene group causes 
the piperazine molecule to occupy a bridging position between two platinum atoms, the 
nitrogen atoms being linked trans to the ethylene groups. The piperazine molecule in 
this case would, for steric reasons, probably have the chair configuration. This formation 
of a “ bridge complex ”’ is similar to the behaviour of ethylenediamine which, in spite of 
its normal strong tendency to form chelate complexes, gives a “ bridge complex ” 
containing ethylenediamine. in the ¢rans-configuration."* The spectrum of compound 
(I) was found to be very similar to that of piperazine in CCl,, when allowance had been 
made for the absorption bands due to the ethylene groups. 

The spectrum of crystalline anhydrous piperazine was very complex, and the absorption 
peaks tended to be broad and rounded, these effects probably being due to hydrogen 
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* Rolsten and Sisler, J. Amer. Chem. Soc., 1957, 79, 1819. 
© Daasch, Spectrochim. Acta, 1959, 726. 

‘t Andersen and Hassel, Acta Chem. Scand., 1949, 3, 1181. 
#2 Powell and Sheppard, /J., 1959, 3089. 
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bonding in the solid state. Two complexes of the type M(C,H,)N,) (M = CdCl, and 
HgCl,) were prepared. Their absorption spectra in general closely resembled those of 
the “ bridge complex ” (I) and of piperazine in solution, but in some regions were rather 
more complex (Fig. 3). The additional absorption bands cannot be due to N-H vibrations; 


Fic. 3. Infrared spectra of: piperazine (9) in CCl, 

and (12) in the solid state; and of its complexes, 

(10) L,(PtCl,C,H,),, (11) L,CdCl,, and (13) 

L,, PdCl,. 
| | Fic. 4. Infrared spectra of: (14) liquid 1,4-di- 
methylpiperazine and its complexes, (15) 

L,(PtCl,C,H,),, (16) L,(HgCl,),, and (17) 

| PdL,Cl,. 
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as in the complex CdCl,(C,H,,N,) conversion of NH groups into ND causes the shifting 
of only two peaks to lower frequency values. It is possible that the slightly more complex 
nature of the spectra of these two compounds is due to the formation of isomers involving 
axial and equatorial positions of the hydrogen atoms and metal ions about the nitrogen 
atoms. 
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The insoluble picrate of the complex ion [Pd(C,H,)N,).]** has been isolated from an 
aqueous solution of the chloride by Mann and Watson ? and, on the basis of its analysis 
and chemical properties, shown to contain the chelated ligand. Attempts to isolate the 
compound Pd(C,H,,)N,),Cl, (II) from this aqueous solution for infrared examination gave 
products containing an excess of piperazine; however, a new method of preparation has 
been devised giving a pure product. The spectrum obtained from compound (II) shows 
marked differences from those of the other piperazine complexes examined and provides 
additional evidence that these previously considered compounds have the chair structure. 

The evidence indicates that the mercury and cadmium chloride piperazine complexes 
have similar structures to those of dioxan and dithian, but with the additional complication 
that axial and equatorial co-ordination positions cause rather more absorption bands in 
the spectra. 

1,4-Dimethylpiperazine Complexes.—The preparations of 1,4-dimethylpiperazine and 
the complex PdCl,(C,H,,N,) have been reported by Mann and Watson,? who give evidence 
from its chemical properties and molecular weight that the complex is monomeric and 
therefore contains chelated 1,4-dimethylpiperazine. This has been confirmed by X-ray 
analysis by Hassel and Pedersen. We have prepared a very stable, water-insoluble 
complex (HgCl,),(C,H,,N,), and also a “ bridge complex” (PtCl,,C,H,)o(CgsH,,N,) (IID) 
analogous to compound (I) for piperazine. The spectra of the “‘ bridge complex ” (ITI) 
and of the mercury-containing compound are very similar (Fig. 4), suggesting that 
(HgCl,).(CgH,,N.) has a structure in which the mercury atoms are linked by a dimethyl- 
piperazine molecule, as in (III). . The palladium complex, PdCl,(C,H,,N,), which is known 
to contain the chelate dimethylpiperazine ligand, has a very different and more complex 
spectrum, as would be expected, since many more fundamental vibrations are infrared- 
active in the boat form of the ligand, this structure being present in a chelate complex. 


TABLE 1. Infrared spectra of dioxan and some of its complexes. 


Dioxan HgCl, CdCl, CuCl, NiCl, Ai, Br, AICl, TiBr, 
(liq.) (CjH,O,) (CgH,O,) (CyH,O,) (CsH,O,) (CsH,O,) (C,H,O,) (C,H,O,) 
2955s 2961m 2994w 2983m 3005w 3025m 
2902ms 2919ms 2954wm 2927ms 2925wm N.1.* N.I.* 
2849s 2862m 2850vw 2860wm 2865m 2969m 
2744w 2857m 2771vw 2750w 
2860w 
1525w 
1452m 1441s 1430m 1441s 1456s 1450s 1455m 1458ms 
1368wm 1374m 1373wm 1374mw 1440ms 1440sm 1449m 1430m ft 
1385m 1388m 
1323vw s7aw { jsram ee 1382ms 
. 1299ms 9 
1289m 1287s 1284wm 1289ms { 1267m 1295m 1264ms 1298ms 
1256vs 1256s 1254s 1256s 1256ms 1256s 1224m 1256ms 
1112ms 4 : 1126vs 1170w 
1121 vvs mm { 1109s New 4s, & Shere 1121m 
108]lms 1079m 1079s 1073sm 1080s 1084wm 1101s 1070s 
- ; : $ 1051s 1059s : 
1048m 10384ms 1031ms 1031sm 1050ms { iogsch canna 1039s 
' . sf 913m f 899wm ‘ 
888sh 888m 889s 885m) 888s t ito 902s 888m 
Pdern a 872ms i ; 876vs . 29m 
871 vs B48vs { Susu 851vs S7lvs { sere o{ oo ' 
669w 667vw 682ms 
6l4vs 615vs 620s Giz, { 620s NI NI NI 
‘ ‘ 615s J. A. RB 
469vw P 523m 
462vw 456vw 452vw 


* N.I. = not investigated. 
+t The spectrum of TiBr,(C,H,O,) gives frequency values in good general agreement with those 
published by Rolsten and Sisler,* but the two marked peaks have not been previously reported. 
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EXPERIMENTAL 


The infrared spectra were obtained on a Hilger H800 double-beam spectrometer, samples 
being dispersed in Nujol or hexachlorobutadiene except where stated otherwise. The absorp- 
tion peak frequency values (cm."') are listed in the Tables. 


TABLE 2. Infrared spectra of dithian and some of its complexes. 


Dithian AuCl,(C,H,S,) CuCl,(CyH,S,) HgCl,(C,H,S,) CdCl,(C,H,S,) PtCl,(C,H,S,) 
2933wm 
2891m 2978s 
280lwm N.I, N.I. 2972wm 2900vvw 2819ms 
2924m 
1854w 
1408ms 1407ms 1409sm 1407s 1403ms 1416s 
1394sm 1396m, sh 
1326w 
1298m 1295s 1284sm 1292m,sh,128lms 1297m 
1278ms 1278w 1267sm 1256vw 1275ms 1278ms 
1264w 1264w, 1242wm 
1183m, 1152s 1155s 1153m 1152m 116lms 117lwm, 1124wm 
1031lw 1136m 1034w 
997wm, 94lwm 966w 1000wm 1000w 970w 992w 
902vs, 888m * 888s 900ms, 886s 910s, 893m 898ms 907wm 
742w 718vw 885s 790vs 764wm 
663vs 669vw 669m 666w 664m 787ms 
650vw, sh 650ms 654s 654s 654sm 670w 
508wm 536w 
477w 514m 485m 484wm 500w 
470mw 474m 465vw 47lvw 490w, 482w 
456vw 456vw 456vw 


* Although observed in a dispersion in liquid paraffin, this peak was not found in CCI, solution. 


TABLE 3. Infrared spectra of thioxan and some of its complexes. 


Thioxan PtCL(C,H,OS), CuCl,(C,H,OS), HgCl,(C,H,OS), 
2916s 2975w 
2885s 2933m 
2829s N.1. N.1. 2843m 
2725w 2893ms 
2669w 
1451m 1447s 1447m 1449m 
1418ms 1410s 1413s 1403ms 
1387m 1379m 1385sm 1385m, 1360w 
1319m 1312m 1317w, 1306w 
1289vs 1275s 1278sm, 1258wm 1278s, 1256w 
1217m, sh 12llwm 12llw 1211ms 
1203ms 1194ms, 1183wm 1185s 1188ms 
1172s 1160ms, 1152mw 1160ms 1155ms 
1105vs 1098vs 1098vs 110lvs, 1087sh 
1045wm 1051s 1045vs 1048ms 
1006s 994s 997vvs 1000vs 

966s 976s 963vs 963vs 

826s 823m 820vvs 820s 

806s 809m 

690wm 

663ms 655m 647m 

553vs 568s 561s 563s 


The complexes were usually prepared by the published methods of the authors referred to 
in the text. The following new compounds were prepared as follows: 

HgCl,(C,H,OS), and CuCl,(C,H,OS), by addition of an alcoholic solution of the anhydrous 
metal halide to an alcoholic solution of 1,4-thioxan prepared by Swistak’s method 1° (Found: 
C, 19-75; H, 3-45. HgCl,(CsH,OS), requires C, 20-0; H, 3-4. Found: C, 29-0; H, 4-85. 

8 Swistak, Compt. rend., 1955, 240, 1544. 
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TABLE 4. The infrared spectra of piperazine and some of its complexes, 
Piperazine 
: Pee LEE ET cera (PtCl,,C,H,), 
(solid) (soln.) CdCl,(CgHyoN,) HgCl,(C,H,N3) (CgHyN,) Pd(C,Hy_N,),Cl? 
3328vw 3202s 3123s 3174s 3140s 
2941m 2944ms 2932wm 2932w 
2814m 2847wm 2830w 2843w 2969wm 
2742m 
2269m 
2250m 
1674 (rounded) 1678vw 
1479sm 1458ms 1463w 1452s 
1449s 1444ms, 1382w 1445s, 1428ms 1447m, 1418ms 1452m, 1432ms_ 1433s (rounded 
sh 
1323s 1320s 1373w, 1345vw 1377m,1347w 1421ms, 1368m segue 
1271sm 1326wm, 1254m 13l4w, 1256w 1346w, 1250ms 1278m, 1250ms 
1197w 1157vs 1143ms 
1174sh 1177m 1174vw 
116lms 1165w, 1155w 
1127s 1138vs 1130vw 
1106s 1115ms 1114vs 1110m 
1080s 1076m 1097s 1072vs 1073sm 1079ms 
1034vw 1056wm 1047m, 1021s 1040vw 1031s, 1010s 1022s, 1000wm 
977m 933w 996ms, 873vw 1017m, 1000m 882vs 882vs 
839vs 852m 894w, 850vs 966vw, 890w 812vm 848sh, 827w 
742ms 879ms, 858vs : 
710m 710vw 
663mw 690wm 
616w 633wm 647ms 673m, 656vw No peaks in 6livw, 512vw 
603w 570wm 609wm KBr region 4livw 
463vw 472wm 458vw 
442w 
TABLE 5. The infrared spectra of di-N-methylpiperazine and some of its complexes. 
Dimethylpiperazine PdCl,(C,H,,N,) (HgCl,),.C,H,,N,  (PtCl,,C,H,).C,H,,N, 
2927s 3042w, 3006m 3022mw 
2893wm 2935s, 2891m N.I. 2983mw 
2845m 2839w 2930ms 
2800s 
2974ms 
2292wm 
1455s 1483w sh, 1472sh 
1452vs 1444vs 1455vs 
1427m, 1413ms 1430m, 1421m 
1374s 1376vw 1372m 1374m 
1357s 1362s 1306w 
1337vw 
1306vw 1298wm 1289m, 1264w 
1295s, 1284s 1284wm 1284ms 1247w, 1174vw 
1171s 1236s 1233w 1157vw 
1188m 1163wm 
1121s 1152ms 1138wm 1109ms 
1093s _ 1084ms 1115vs, 1095m 
1059wm 1053ms 103lsm 
1017s 1025ms 983s 1014ms 
919ms 935ms 905wm 980s, 896w 
85lw 854w, 820ms 
806s 792vvs 815s 795w 
648m 650w 
636s 637m 
No absorption 520s 617w 
peaks in the 516m 
KBr region 497mw 


469vs 
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CuCl,(C,H,OS), requires C, 28-0; H, 4-7%]. PtCl,(CgH,OS), by addition of 1,4-thioxan to an 
aqueous solution of K,PtCl, [Found: C, 20-5; H, 3-4. PtCl,(CsH,OS), requires C, 20-2; 
H, 34%]. (HgCl,),C,H,,N, by mixing alcoholic solutions of mercuric chloride and 1,4-di- 
methylpiperazine [Found: C, 11-0; H, 2-5. (HgCl,),C,H,,N, requires C, 11-0; H, 2-15%). 
PdCl,(C,H,,N,), by treatment of an acetone solution of bisbenzonitrilepalladium(11) chloride 
with anhydrous piperazine [Found: C, 27-1; H, 5-65. PdCl,(CyHyN,), requires C, 27-4; 
H, 5-75%). 

Microanalyses of compounds (1) and (III) are as follows: Found for (I): C, 14:35; H, 2-9. 
(Pt,Cl,C,H,,N, requires C, 14-2; H,2-7%). Found for (III): C, 17-3; H,3-25. (Pt,Cl,C,gH,,.N, 
requires C, 17-0; H, 3-2%). 

The microanalyses were kindly carried out by Mr. P. Wood and Mrs. D. Charles. We 
thank Dr. N. Sheppard for his help and encouragement, and Imperial Chemical Industries for 


financial assistance. 


Sir Joun Cass Cottece, Jewry Sr., E.C.3. [Received, May 2nd, 1960.] 





987. An Accurate Determination of the Crystal Structure of 
Potassium Pyrosulphate. 


By H. Lynton and Mary R. TRUTER. 


Potassium pyrosulphate, K,S,0,, has been investigated by three- 
dimensional X-ray crystal-structure analysis. ‘Refinement of the co- 
ordinates and anisotropic thermal motion parameters reduced the agreement 
index to 0-076. The bond lengths in the pyrosilphate ion, corrected for 
rotational oscillations, are S-O (bridge) = 1-645 + 0-005 A, and S=O = 
1-437 + 0-004 A, the mean of three independent values; the S-O-S angle 
is 124-2° + 0-5°. 


THE pyrosulphate ion, S,0,?-, might be expected to consist of two SO, tetrahedra sharing 
one oxygen atom as in the other pyro-ions X,0,"" of which the structures are known.! 
Although a few pyro-ions having an X-O-X angle of 180° have been reported, the more 
accurate determinations usually give values in the range 110—140°. The hydrogen 
pyrosulphate ion in the nitronium salt was found ? to have an angle of about 125°. 

A number of accurate determinations of S-O bond lengths have now been made, and 
the pyrosulphate ion is of particular interest because it contains bonds involving both 
shared and unshared oxygen atoms. Conclusive proof that there is a significant difference 
in the distances from sulphur to unshared and to shared oxygen atoms was first obtained 
in a study * of potassium ethyl sulphate, KO,S-O-C,H;. The present analysis was under- 
taken for comparison with the ethyl sulphate ion and with the isoelectronic iminodi- 
sulphonate ion, (SO,*NH-SO,)?-. 

Preparation of the crystals was very difficult; this probably explains why the structure 
has not been determined previously. From the system R,O-H,O-SO, (where R = Na, 
K, or NH,) one of the authors (H. L.) obtained a variety of products; details of their 
preparation and preliminary X-ray investigation are available elsewhere. Eventually, 
crystals of potassium pyrosulphate were obtained by heating ‘‘ potassium octasulphate ” 
prepared by Weber’s procedure.’ The structure determination proved to be easy because 


1 Barclay, Cox, and Lynton, Chem. and Ind., 1956, 178. 

* Steeman and MacGillavry, Acta Cryst., 1954, 7, 402. 

3 Jarvis, Acta Cryst., 1953, 6, 327; Truter, ibid., 1958, 11, 680. 
* Lynton, 1955, Ph.D. Thesis, University of Leeds. 

5 Weber, Ber., 1884, 17, 2497. 
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preliminary measurements indicated that potassium pyrosulphate and potassium imino- 
disulphonate ® were probably iso-structural. Essentially the task was to collect observ- 
ations, apply a refinement procedure, and determine the dimensions of the anion as 
accurately as possible. 


Crystal Data.—K,S,0,, M = 254-33. Monoclinic, a = 12-35, 6= 7-31, ¢ = 7-27 all 
40-005 A, 8 = 93°7' 44-5’. U = 655-3 A’, Z = 4, D, = 2-58, F(000) = 504. Space group, 
C2/c (Cy®, No. 15). Cu-K, radiation, single-crystal oscillation and Weissenberg photographs, 
absorption coefficient, 1 = 184 cm.'. The pyrosulphate ion must lie on a two-fold axis or a 
centre of symmetry. 

Refinement.—The close resemblance between the unit-cell dimensions and those of potassium 
iminodisulphonate * (a = 12-430, b = 7-458, c = 7-175 A, 8 = 91°11’), and the discovery that 
the space groups are the same, suggested that the two compounds were iso-structural. This 
was confirmed by calculating the agreement index R (R = }|(|F.| — \Fol)|/S1Fol) between 
the observed structure factors and those calculated for the iminodisulphonate; this value was 
0-25 for all (hk/) reflections. 

Refinement was carried out by the method of least squares; the atomic co-ordinates and 
the anisotropic thermal parameters for each atom were adjusted until, after five cycles, the 
shifts indicated were less than one-quarter of the corresponding standard deviations. Refine- 
ment was complete with R = 0-076. 


TABLE 1. Atomic co-ordinates. 


x/a ylb z/c X’ (A) o(X) (A) Y¥’ (A) oY) (A) o(Z) (A) 
0-353 0-651 0-647 4-110 0-002 4-756 0-002 0-002 
0-398 0-183 0-641 4-663 0-002 1-338 0-002 0-002 
0-444 0-287 0-498 5-281 0-007 2-098 0-008 0-007 
0-332 0-032 0-581 3-876 0-006 0-235 0-007 0-008 
0-350 0-296 0-777 4-014 0-007 2-164 0-007 
0-500 0-078 0-750 5-879 0 0-573 0-008 0 


TABLE 2. Thermal parameters (all units are 10 A2). 


Un Use o ’ e Urs Uss e Urs e 


o 
229 244 10 10 24 9 41 9 31 8 


122 ¢ 141 9 10 —12 9 9 31 8 
223 5 334 38 35 — 26 106 31 39 27 
180 5 237 36 37% 39 — 67 —48 33 —102 28 
266 j 270 35 34 144 —10 31 47 27 
223 88 36 249 49 0 0 0 68 36 


Analysis of the anisotropic thermal motion was carried out by assuming that the pyro- 
sulphate ion could be regarded as a rigid body. From this the corrections in the atomic 
co-ordinates to allow for systematic errors due to rotational oscillation 7 were calculated. 

Results —The structure as a whole is shown in Fig. 1; the bridging oxygen atoms of the 
pyrosulphate ions lie on 2-fold axes by which the two SO, groups in each anion are related. 
Figs. 1 and 2 show the numbering of the atoms. The atomic co-ordinates are shown in Table 1 
both as fractions and in A where X’, Y’, and Z’ refer to orthogonal axes parallel to a, b, and c* 
respectively; their standard deviations are also shown. Table 2 shows the thermal parameters 
and their standard deviations; U,,, Ug,, and U,, are the mean-square amplitudes of vibration 
parallel to the a*, b*, and c* axes respectively and, with U,,, U,3, and Us, give the magnitude 
and orientation of the ellipsoid of vibration with respect to the crystallographic axes. Table 3 
consists of the observed and calculated structure factors. 

Analysis of the thermal motion was made after the determination of the position of the mass 
centre (5-879, 1-356, 5-445 A) and the direction cosines of the principal axes of inertia, I, II, 
and III, of the pyrosulphate ion. ‘These direction cosines, with respect to the orthogonal 
system of Table 1, are: 


I, 0-84, 0-00, 0-54: IT, 0-00, 1-00, 0-00; TIT, 0-54, 0-00, 0-84 


Jefirey and Jones, Acta Cryst., 1956, 9, 283. 
Cruickshank, Acta Cryst., 1956, 9, 757. 
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TABLE 3. Observed and calculated structure factors (x 10). 
(Reflections which are too weak to be observed have been omitted.) 


[Fol Fe h kool [Fol Fe h kot Fol Fe h b 
618 704 2 2 2 950 —975 -6 4 2 301 —275 -—4 8 
464 394 -—2 2 32 230 —154 8 4 2 261 —224 -1 9 
371 —310 42 2 915 —975 —-8 4 2 229 209 -3 9 
361 282 —4 2 2 230 —196 1 4 2 195 —193 = 
483 —491 6 23 32 700 717 12 4 2 228 217 —1 1 
2119 2287 -6 2 2 80 —81 —-12 4 2 226 —225 3 1 
1894 —1995 8 2 2 526 518 -14 4 2 94 119 -3 1 
141 122 -8§ 2 2 223 =—207 -—0 4 4 519 521 5 1 
675 720 10 3 32 277 —239 7). ta. 314 295 -5 1 
1lll —1281 —10 2 2 159 144 —2 4 4 381 —381 -—7 1 
412 469 —12 2 32 313 295 44 4 5443 ——581 9 1 
484 —450 —-v 2 4 159 138 —4 4 4 187 —164 ll 1 
652 —687 a 426 406 -6 4 4 288 297 -ll 1 
182 —153 -—32 2 4 277 =—273 6-4 4 250 274 13 #1 
257 —203 42 4 316 —293 -8 4 4 158 -150 -15 1 
209 189 -4 2 4 236 —245 10 4 4 261 —286 o's 
480 —439 6 2 4 292 —280 -10 4 4 256 —273 -1 1 
745 —755 , 2. ¢ 351 346 -—-0 4 6 250 —250 3 1 
665 665, -8 2 4 406 414 > , & 379 385 -—3 1 
712 778 10 2 4 308 289 4 4 6 167 185 > © 
1143 1330 —-10 2 4 423 439 —4 4 6 364 375 -5 1 
324 303 -l4 2 4 158 —186 6 4 6 359 «=—368 = 
260 —222 -0 2 6 529 —541 -0 4 8 173 =—141 -—7 #1 
214 —197 S Loe 368 325 2 4 8 167 —174 9 1 
430 «(—566 -—2 2 6 610 —602 —2 4 8 282 280 -9 1 
310 —326 4 2 6 282 236 —3 56 O 274 264 ae 
246 207 —4 2 6 162 149 -5 6 0 458 450 -ll 1 
574 538 6 23 6 246 —219 —7 56 0 199 157 13 «#1 
743 —723 -6 2 6 309 296 —-9 5 O 387 -—357 -—-15 1 
1020 1011 —0 2 8 340 —302 -ll 56 0O 379 —336 » 
479 —419 2 3 8 416 —398 -13 5 O 217 190 3 1 
561 —503 —2 2 8 345 310 1 & 2 467 —408 -—3 1 
248 206 a 2 8 266 244 -1 5 2 444 416 5 1 
757 —785 6 2 8 225 269 3 6&6 32 276 —255 -5 1 
146060 —-133 -1 3 90 523 —546 —3 56 2 641 633 . @ 
696 547 -—3 3 O 1036 978 —5 5 2 373 ~—352 -—7 1 
743 716 -5 3 0 577 —644 -7 5 32 657 —652 9 1 
487 —442 -7 3 0 791 —881 a ee 170 153 -9 1 
294 —286 -9 3 O 883 925 » 8 4 586 668 m 2 
269 —246 -ll 3 O 693 667 -1 6 4 462 485 -l1l 1 
4644 —455 —13 3 O 535 —520 -3 56 4 289 -319 -13 1 
364 347 -15 3 0 285 —355 5 5 4 244 —286 1 1 
238 —229 1 3 2 502 —451 4 5 t 272 —281 3 1 
261 —317 -—-1 3 3 312 287 = 132 —150 —3 1 
137 —140 -—3 3 2 646 —674 ll 56 4 119 223 . o 
265 267 5 3 2 779 761 0 6 O 798 803 —5 1 
365 —305 -—5 3 2 602 —614 -—2 6 0 135 —126 ees 
586 —553 7, Boo 355 —339 —4 6 O 810 —824 -—7 1 
225 177 -7 3 2 976 1117 —-8 6 O 276 252 -_ 
281 257 9 3 2 2 — 588 —0 6 3 143 —126 -9 1 
193 163 -9 3 2 613 596 3 6 2 $43 832 -—0 2 
535 557 = 8 423 386 —-2 6 2 763 =—710 ase 
739 802 —11 3 2 662 —734 4 6 2 284 244 —-2 2 
189 —184 3 3 3 523 503 -4 6 2 266 237 4 32 
228 231 -13 3 2 316 —279 e @? @ 381 —342 —-4 2 
120 —71 1 38 4 372 —366 -6 6 2 537 522 6 3 
314 —316 —-1 3 4 213 —195 -0 6 4 624 —697 —-6 2 
590 600 33 (64 480 —445 2 6 4 316 ~—335 8 2 
166 — 163 —3 3 4 218 —203 —! 6 4 162 160 —8 2 
357 317 5 3 4 395 391 4 6 4 360 406 -—10 2 
393 —385 —5 3 4 543 572 -4 6 4 412 391 —12 2 
300 270 . =e 562 563 6 6 4 87 152 14 2 
194 206 -—7 3 4 399 386 -6 6 4 199 —204 -—-14 2 
158 —135 9 3 4 189 —187 » © a 167 —188 -—0 2 
298 —287 -9 3 4 617 —643 -8 6 4 244 —235 2 3 
278 273 ll 3 4 439 —421 -1 7 O 225 210 -2 32 
515 —573 —11 3 4 297 —247 -—3 7 0 261 — 237 1 2 
539 —571 -13 68 4 480 521 -7 7 0 327 328 -—4 2 
37 —163 1 3 6 82 v4 —-9 7 Oo 112 125 Sim 
246 233 , 3 6 177 —157 1 7 2 155 159 —6 2 
379 381 -3 3 6 282 240 —1 7 2 530 — 537 8 2 
178 —167 a ae. 462 —419 -3 7 2 336 -—312 -10 2 
284 —260 -5 3 6 215 195 6 7 2 345 =—338 -—12 2 
367 314 73 6 185 158 —&6 7 2 333 333 14 62 
300 —231 -—7 3 6 537 ~—541 es ee 177 192 —14 2 
447 405 ey 534 530 i 399 —451 -—-0 2 
476 439 —9 3 6 126 —127 8374 225 235 2 2 
384 —400 -ll 3 6 549 663 -3 7 4 387 445 4.8 
308 —286 —1 38 8 143 139 5 7 4 270 336 -—4 2 
116 141 -5 3 8 40 —457 ee O@ 119 +—163 8 2 
163 —150 -—0 4 0 300 —278 -0 8 0 423 —4153 -—8 2 
170 —151 —4 4 0 319 342 —-2 8 O 205 -—-179 -—-10 2 
312 283 -6 4 0 205 = —172 -—-4 8 0 248 228 2 3 
205 233 —-8 4 O 373 ~—376 -—-6 8 O 310 256 —2 2 
1254 —1326 -10 4 0 100 80 —-8 8 O 149 ~—141 —4 2 
341 —368 -l14 4 0 183 —194 -0 8 2 177 134 6 2 
685 867 -0 4 2 383 355 a 207 —183 —-6 2 
439 479 - oa 388 —369 -—2 8 2 296 282 -—0 2 
198 —167 —-2 4 323 612 641 ee 298 —195 -1 3 
132 117 -—4 4 2 161 —149 —4 8 2 187 187 3 68 
298 253 6 4 2 385 368 6 8 2 145 139 -3 3 


al ll ll 
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403 
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TABLE 3. (Continued.) 


h k |Fol Fe h k ol 
e 577 —534 —4 4 #1 
— » J 159 —139 -6 4 #1 
ae oe | 211 199 eS) 2-8 

~ 8 2 230 228 -10 4 #1 

3 8s 8 344 321 12 4 1 
-3 3 8 292 254 14 4 #1 
§’ 38 8 348 —330 -0 4 8 
-—§ 3 8 262 249 2 4 3 
. os = 159 —169 -—-2 4 38 
=-7 3 38 250 259 —-4 4 3 
S.3 328 254 255 S @-@ 
-9 3 3 258 228 -6 4 3 
ss 3 126 110 8 4 38 
3 3 8 120 94 -—-8 4 3 
-138 3 3 1l4 —116 10 4 3 
a a 332 — 294 -—-0 4 5&5 
=n 8 §& 365 —337 -—-2 4 5 
=—§ 3 5 265 245 4 4 5 
. 8 § 211 —215 —4 4 5 
—-9 3 5& 157 —163 S. € § 
a 297 — 260 —-8 4 5 
-1 3 7 309 308 —-10 4 5&5 
3 3 7 163 —166 -0 4 7 
=-$ 8 7 314 297 SS  o 
S 2. F 201 187 -§ 4 7 
=—§ 3 7 124 125 6 4 7 
-—0 4 #1 470 —387 -6 4 7 
2 4 1 408 370 -8 4 7 
-—2 4 #1 458 —442 1 » @ 
26'S 641 622 —-1 5 1 


[Fol 
598 
945 
427 
426 
215 
234 
522 
1083 
790 
495 
447 
455 
199 
380 
178 
831 
177 
723 
392 
418 
158 
142 
147 
359 
412 
430 
219 
139 
108 
633 


Fic. 1. The structure projected along (001). 
atoms, and small circles oxygen atoms. 


circles and those between z = 4 and z = 1 as double circles. 


Fe h k ol |Fol 
573 3. 4. 43 499 
994 —-3 56 1 459 
—413 ee Bee 740 
—402 as 155 
203 —7 56 1 885 
288 7 @ 2 555 
—534 —-ll 5 1 554 
—1218 mm 6.4 333 
880 a 2 225 
492 -—-1 5 8 232 
477 3 6&6 3 447 
—421 -3 5 3 242 
—216 -5 5 3 589 
—376 7 & 3 414 
—175 9 & 8 145 
976 —9 5 $ 610 
132 =m «Fe 337 
—870 -—2? 6 1 211 
—349 . & @ 165 
436 6 6 1 215 
156 -6 6 1 488 
150 8 6 1 155 
—126 -8 6 1 253 
446 = = 360 
—461 —-10 6 1 377 
—437 -—0 6 3 265 
225 2 6 3 123 
133 -—-2 6 8 202 
113 4 6 8 153 
—592 -—4 6 3 454 


potassium to the neighbours indicated by the dotted lines. 








Fe k |Fo Fe 
417 8 6 3 27 —302 
386 -8 6 3 240 244 
—647 -1 7 1 479 —436 
—165 he ee 380 347 
—832 oe 325 280 
581 -5 7 1 340 $17 
515 eo. 369 —354 
—424 a oan Vom 256 —278 
—214 ae 174 . —167 
220 a 335 329 
405 -5 7 3 233 199 
229 7: ae 277 326 
— 562 -—-7 7 3 241 —246 
—376 -0 8 1 443 378 
—150 2 8 1 484 —478 
628 -2 8 1 336 196 
354 4 8 1 310 «=—303 
207 —-4 8 #1 446 —412 
146 66s 6 (1 260 245 
—206 a sy 165 198 
—432 -—0 8 38 209 209 
151 2 8 3 254 250 
—221 -—2 8 3 277 ~—249 
400 4 8 8 202 —207 
349 -6 8 38 280 335 
230 . We 181 180 
89 = 8 F 483 481 
—189 . = = 336 «=—386 
155 
—476 


Large circles vepresent potassium ions, medium circles sulphur 
Atoms which lie between z = 0 and z = } are shown as single 
The numbers are distances in A from the 


TABLE 4. Atomic co-ordinates of the anion corrected for rotational oscillation (all in A). 





O(1) O(2) 

5-279 3-865 
2-101 0-232 
3-609 4-222 


7 O(1)-S-O(2) 
7 bran 1; 0-004 O(1)-S-O(3) 
7 O(2)-S-O(3) 


O(1)-S-O(4) 
O(2)-S-O(4) 
O(3)-S-O(4) 


O(3) O(4) 

4-001 5-879 
2-168 0-567 
5-642 5-444 


Bond lengths (A) and angles in the pyrosulphate ion. 


115-5° 
112-8 
113-6 
106-1 
101-3 | 
106-2 J 


a 4+-0-4° 


S-O(4)-S 124-2 + 0-5° 
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as illustrated in Fig. 2. Solution of the appropriate equations * gave the mean-square ampli- 
tudes of translation of the ion as 0-0171 A? parallel to I, 0-0070 A? parallel to II, and 0-0087 As 
parallel to III; for the rotational oscillations the r.m.s. angular displacements were 6-4° about I, 
2-8° about II, and 3-3° about III. The atomic co-ordinates corrected for error due to rotationa] 
oscillation are shown, with respect to the orthogonal system, in Table 4. These corrections 
Fic. 2. A pyrosulphate anion viewed (a) along the c axis and (b) down the b axis of the crystal. The 


directions of the axes of inertia are indicated by full lines, while the orientation of (b) with respect to the 
crystallographic axes is indicated by dotted lines. 


(a) (0) 
| 
Ere O11) 
0(3) rat vad 0(3) oI? _)? 
nal Ki aa ——4 a (4) , Q0) 


NY ab ols “Sear oe 
UO \O(4 4) Vobn 
Rel / CC € JO(2) 
| Own’ . 
I ; 


increased the bond lengths by 0-006 or 0-007 A and, as the corrections are small, the error in 
them caused by assuming that the ion is rigid is negligible. 

Interatomic Distances and Angles.—From the co-ordinates in Table 4, the bond lengths and 
angles were calculated and are shown, with their standard deviations, in Table 5, where the 
mean of the chemically indistinguishable bond lengths is also given with its standard deviation. 
In Fig. 1 the distances, less than 3-5 A, from the potassium ion to its neighbours are shown. 
The shortest oxygen-oxygen distance is 3-04 A from O(2) to O(3)” [related to O(3) by a screw 
axis at 4, y, 4]. 


DISCUSSION 


The results show unequivocally that the pyrosulphate ion is bent, the bridging angle 
being 124-2° + 0-5°. There is no important difference between the dimensions of the 
pyrosulphate and the bipyrosulphate ion,? but the accuracy of the results for the latter 
is inadequate to permit a detailed comparison. 

As has been found in several other compounds containing the group X°SO,"~, the 
angles about the sulphur atom have trigonal rather than tetrahedral symmetry, the 
X-S-O angles being less than the tetrahedral angle, and the O-S-O angles greater. The 
distortion of the expected configuration probably arises from repulsion between the 
charged oxygen atoms. 

Detailed comparison of our results with those of comparable accuracy for potassium 
ethyl sulphate* and potassium iminodisulphonate® provides some interesting and 
unexpected results. The corresponding bond lengths and their standard deviations in 
the three anions are: 

1-603 1-464 

* C,H,-0 -— (0-007) S (0-004) Os 
1-645 1-437 

O,S-O (0-008) S 0-004) Os 
O07} 655 1-447 


* These differ slightly from the be values * because they have now been corrected more 
accurately for rotational oscillation on the assumption that the ion is a rigid body. 


* Cruickshank, Acta Cryst., 1956, 9, 754. 
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In the pyrosulphate ion the difference between the distances from sulphur to shared and 
unshared oxygen atoms is greater than in the ethyl sulphate. The possibility that-this 
difference arises through random errors is statistically extremely remote. More sur- 
prisingly, there is a significant difference between the S-O lengths in the ethyl sulphate 
and in the pyrosulphate ions, and correspondingly also in the S-O bonds; for these 
A/o = 4-8 and 4-5 respectively (where A is the difference between the two lengths and « 
is the vector sum of their standard deviations), so that the chance that the lengths are 
equal is less than one in 10°. As the sulphur atom has the same environment in both ions, 
it seems reasonable to suppose that the o-bond skeleton is the same. Hence the S-O 
bond in the ethyl sulphate is probably not a pure single bond. There are no significant 
differences between the dimensions of the isoelectronic ions pyrosulphate and imino- 
disulphonate, although the single-bond radii of oxygen and nitrogen differ by 0-04 A. 
This suggests that the central bonds may not be pure single bonds, in agreement with 
Cruickshank’s ® theory that all the bonds have some double-bond character arising from 
overlap of the pr-orbitals on oxygen or nitrogen with the dx-orbitals of sulphur. Cruick- 
shank’s theory, which also explains the changes in the lengths of the S-O bonds, covers 
all the groups XO,"" and X,0,"" (where X = Si, P, S, or Cl) and its application to the 
pyrosulphate ion will be given in more detail in his paper.® 

As the bond lengths in the iminodisulphonate and pyrosulphate ions differ by only 
0-01 A, the differences in the unit-cell dimensions of the potassium salts must arise from 
differences in the interionic contacts. Fig. 1 shows the contacts from the potassium ion 
to its nine nearest neighbours, and in the Table below the corresponding values for the 
iminodisulphonate are given. In each compound the K+*+O distances have standard 
deviations of 0-01 A, so that some of the differences are statistically highly significant. 
There appears to be no chemical explanation for these variations and they are not related 
simply to the changes in unit-cell dimensions. 

Comparison of interionic distances (all in A). 


OE eee 2-84 2-87 3-22 3-05 2-76 3-10 2°76 2-81 2-61 
NH(SO,),K, ...... 2-96 2-80 3-07 2-99 2-71 3-23 2-74 2-87 2-70 
EXPERIMENTAL 


It was impossible to obtain pure K,S,0, from solution in sulphuric acid or oleum by anv 
of the many methods tried; the crystalline products usually contained solvated sulphuric acid. 

Crystals were finally obtained by heating ‘‘ potassium octasulphate,’’ K,0,8SO,, prepared 
by Weber’s method, in an oven to 450°, whereupon sulphur trioxide was liberated and a melt 
of the pyrosulphate formed. Slow cooling of the melt gave a deliquescent solid which was 
broken up under dry carbon tetrachloride. Several large lath-like crystals were formed which 
showed parallel extinction. One of these was cut to give two crystals of approximately square 
cross-section with their long axes parallel and perpendicular to the original long axis, c. Each 
crystal was sealed in a lithium borate glass capillary tube. 

The unit-cell dimensions were determined by the Straumanis method. Equi-inclination 
Weissenberg photographs were taken about the three principal axes for all the layer lines 
accessible to copper K, radiation. Of the 750 possible reflections, 483 gave measurable 
intensities. After correction for Lorentz and polarisation effects the intensities were correlated 
and their square roots extracted. An approximate scale factor was obtained by making 
>IF.I = SIFe| where Fy, was the calculated structure factor for the iminodisulphonate.* 
The scale factor was one of the parameters in the least-squares refinement. 

The scattering factors used were those of Tomiie and Stam ? for S and of Berghuis e¢ al." 
for K* and O. Refinement was carried out by the method of least squares on the Leeds 
University Ferranti Pegasus computer with programmes " devised by Dr. D. W. J. Cruickshank 
and Miss D. E. Pilling. The function minimised is 


R’ = Sw(|Fo| — |Fel)* 
® Cruickshank, in preparation. 
% Tomiie and Stam, Acta Cryst., 1958, 11, 126. 
4 Berghuis, Haanappel, Potters, Loopstra, MacGillavry, and Veenendaal, Acta Cryst., 1955, 8, 478. 
% Cruickshank and Pilling and in part Bujosa, Lovell, and Truter, “‘ Proceedings of a Conference on 
Crystallographic Computing,” Pergamon Press, 1960. 
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where w is the weighting factor. After the first cycle (for which w was taken as 1 ||Fol) the 
value of w was taken as 1/(8 + |F,| + 0-025|F,|*). This proved satisfactory by the criterion 
that R’/n, where n is the number of planes within a given range of |F,|, should be constant for 
different ranges. 

Analysis of the thermal motion and calculation of the corrections for rotational oscillation 
were carried out on the Pegasus computer with programmes written by Mr. A Bujosa.'™ 


The authors are very grateful to Professor E. G. Cox for his advice and interest, to Dr, 
D. W. J. Cruickshank and Miss D. E. Pilling for the use of their programmes, and to Mr. A, 
Bujosa for carrying out part of the computation. We thank the Director of the Leeds 
University computing laboratory for the use of the computer, and the Royal Society and 
Imperial Chemical Industries Limited for some of the equipment. One of us (H. L.) thanks 
the D.S.I.R. for a maintenance award. 
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988. Proton Resonance Spectra of Some 11-Keto-steroids. 
By J. S. G. Cox, E. O. BisHop, and R. E. RIcHarps. 


The proton resonance spectra of a number of 11-keto-steroids and some 
derived enol acetates in chloroform solution have been studied. Referencing 
procedure for obtaining chemical shifts is examined. Characteristic 
chemical-shift values of substituent groups are obtained, together with 
constitutive values for their displacing effect upon the resonance positions 
of the angular 19- and 18-methy]l groups. 


SHOOLERY and Rocers! have described measurements of the proton resonance spectra 
of steroids in deuterochloroform solution and have drawn up many correlation rules of 
diagnostic value. The proton resonance absorption of the skeletal protons is complicated 
by strong spin coupling between them, and it usually appears as a broad unresolved 
“hump ”’ the form of which is very sensitive to minor structural changes. Peaks due to 
individual skeletal protons may, however, be recognised if their environment causes a 
displacement of their chemical shifts well below the main region of skeletal absorption. 
On the other hand, proton resonances of substituents attached to the carbon framework 
by a single bond are often strong and sharp, because of the combined effects of an additional 
rotational degree of freedom and relatively simple spin-spin coupling. The most 
important structural correlations were derived from the shifts of the substituents. The 
resonance due to a substituent group often occurs at a characteristic position. Further- 
more, the long-range shielding effects of several substituents upon the protons of the 
angular 19- and 18-methyl groups are to some extent additive, t.¢., a substituent in a 
particular skeletal position and configuration may be assigned an approximate displacing 
effect (generally to lower shielding) on each of the angular-methyl peaks. The effect of 
conformation upon both these correlations has been demonstrated by Slomp and McGarvey? 
for a series of 6-methyl steroids. The original communication was quickly followed by 
similar contributions from other workers.?* 

! Shoolery and Rogers, J. Amer. Chem. Soc., 1958, 80, 5121. 

* Slomp and McGarvey, J. Amer. Chem. Soc., 1959, 81, 2200. 

* Buchschacher, Cereghetti, Wehrli, Schaffner, and Jeger, Helv. Chim. Acta, 1959, 42, 2126. 

* Slomp and MacKellar, J. Amer. Chem. Soc., 1960, 82, 999. 

* Rosen, Ziegler, Shobica, and Shoolery, J. Amer. Chem. Soc., 1959, 81, 1687; Hirschman, Bailey, 


Walker, and Chemerda, ibid., p. 2822; Slates and Wendler, ibid., p. 5474; Nusskawn, Carlon Gould, 
Oliveto, Hershberg, Gilmore, and Charney, ibid., p. 5230. 





‘ol) the 
riterion 
ant for 


illation 


2 


to Dr. 
Mr. A, 
Leeds 
ty and 
thanks 


960.) 


spectra 
ules of 
licated 
solved 
due to 
uses a 
rption. 
1ework 
itional 

most 

The 
irther- 
of the 
it ina 
lacing 
fect of 
arvey* 
ved by 


Bailey, 
Gould, 


(1960) Proton Resonance Spectra of Some 11-Keto-steroids. 5119 


In connection with synthetic studies towards C-methylated 11-keto-steroids,* we have 
examined the spectra of a family of these compounds and are able both to confirm and in 
many ways to extend earlier results. 


RESULTS AND DISCUSSION 


The results are summarised in the Table. The chemical shifts are given in c./sec. at 
40 Mc./sec. relative to the benzene external reference, and the position of the tetramethyl- 
silane resonance is also recorded. Positive values refer to higher applied fields. To 
convert the chemical shifts to the + scale’ in parts per million, the expression: 


= = 10-000 — (vgiare, — v)/40 


should be used, where vgive, is the frequency of the internal reference with respect to the 
benzene reference, and v is the frequency of the line concerned with respect to the external 


Chemical shifts (c./sec.) at 40 Mc./sec. with reference to a benzene external standard. 


Compound 19-Me 18-Me SiMe, Other substituents 
(1) 3a-Acetoxy-5f-androstan-11l-one 209 2293 -7 OAc 176; CH,°CO 1644 
(II) 3-Ethylenedioxy-58-androstan-1l-one 209 229} ‘4 Ketal 99; CH,°CO 1654 
(III) 3«,208-Diacetoxy-12«-bromo-58-pregnan- 2093 2254 “0 2(OAc) 1744; 21-Me 208 
1l-one , 
3a-Acetoxy-12«-bromo-58-androstan-ll-one 209} 2214 . 
3a,208-Diacetoxy-58-pregnan-1l-one 210 233 ‘8 2(OAc) 175$;. CH,°CO 
1614; 21-Me 210 (J 5-9) 
(VI) 3-Ethylenedioxy-12«-methyl-5f-androstan- 208 22 ‘8 Ketal 99; 12-Me 212 
1l-one (J’ 6-1) 
(VII) 3a-Hydroxy-5f-androstane-11,17-dione 212 226 —  3-OH 122; CH,°CO 163} 
(VIII) 38,20-Diacetoxy-5a-pregn-17(20)-en-ll-one 215 23 256-6 3-OAc 176; 20-OAc 1714; 
CH,°CO 155; 21-Me 185 
(IX) 3a,208-Diacetoxy-12«-methoxy-5f-pregnan- 208 *8 2-(OAc) 173$; OMe 1214; 
1l-one 21-Me 208% (J 5-8) 
(X) 12«-Bromo-5f-androstane-3, 1 1-dione 206 = 
(XI) 3-Ethylenedioxy-9a-bromo-5f-androstan- 195* 22 Ketal not located. 
1l-one ? Hydrolysis 
(XII) 3a,11-Diacetoxy-58-androst-9(11)-ene 211 2% -7 2(OAc) 1734 partially 
resolved 
(XIII) 3a-Acetoxy-9a-bromo-5f-androstan-1l-one 2? 2 OAc 174} 
(XIV) 3a,208-Dibenzoyloxy-9a-bromo-5f-pregnan- 2064 2 21-Me 207 (J 5-8) 
1l-one 
(XV) 12«-Bromo-3-ethylenedioxy-5f-androstan- 208} 2: 255-5 Ketal 98 
1l-one 
(XVI) 38-Acetoxy-5a-androstan-1l-one 2153S (257-4) OAc 174; CH,°CO 1624 
(XVII) 3a,11,208-Triacetoxy-5f-pregn-7,9(11)- 2144 2 255-8 11-OAc 172; 3,20-(OAc), 
diene 176}; 21-Me 210 


< 6-6) 
(XVIII) 38-Acetoxy-5a-pregnane-11,20-dione 215 256-0 OAc 175}; COMe 172}; 
CH,CO 155 
(XIX) 3a-Benzoyloxy-5f-pregnane-11,20-dione 211 258 CH,°CO 155 (—3); COMe 
(—3) (—3) (—3) 175 (—3) 
(XX) 38-Acetoxy-9a-bromo-5a-androstan-ll-one 207} 2274 255-2 OAc 174} 
(XXI) 3«,208-Diacetoxy-58-pregn-8-en-1 l-one 207 2283 255-6 
(XXII) 11-Acetoxy-3a,208-dibenzoyloxy-5, 14f- 2073 217 257 ~=11-OAc 176 (—2); 21-Me 
pregna-7,9(11)-diene (—2) (-—2) (—2) 204} (—2) 
(XXIII) 3a,208-Dibenzoyloxy-5,148-pregn-8-en-11- 209 218} 258-7 21-Me 205} (—34) 
one (—34) (—38) (—32) 
* Impure compound; assignment uncertain. 


benzene reference. The Figure shows the appearance of the spectra obtained in some 
typical cases. 
The chemical shifts are discussed below in three sections. In the first section the 
chemical shifts of the substituent groups are considered in relation to their position, and 
* (a) Jones, Meakins, and Stephenson, /]., 1959, 907; (6) Cox and Wluka, and (c) Binns, Cox, Jones, 


and Ketcheson, unpublished work. 
7 Van D. Tiers, J. Phys. Chem., 1958, 62, 1151. 
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in the second section the effects of these substituents on the shifts of the angular methyl 
group resonances are discussed. In the third section, comments are made on the absorption 
of the protons attached to the main skeleton of the molecule. 

Chemical Shifts of Substituent Groups.—Acetoxy-groups. These give sharp unsplit 
peaks in all the compounds studied. When the acetoxy-group is in the 3-position, the 
shifts for the «-oriented substituent with an A/B-cis ring junction (8 compounds) are: 
176 (I; for compounds represented by this and similar Roman numerals, see the Table), 
174} (III, IV, and XIII), 1754 (V), 1734 (IX and XII), and 1764 (XVII) c./sec., whilst 


Proton resonance spectra of compounds (I), (Y), f i), (VI), (XVIII), and (XVI) (for names see 


di, 


wi 


2 ae at 


the B-oriented group exhibits a shift of 176, 1754, 174} c./sec. in three compounds with an 
A/B-trans junction (VIII, XVIII, and XX). These are in accord with the range? 
175 +. 2 c./sec. for the 38-acetoxy-group, and the results indicate that there is no significant 
difference between the 3a- and the 38-equatorial acetoxy-shifts. In our compounds there 
is no double bond at the A/B ring junction, and all the acetoxy-groups are in the equatorial 
conformation. 

The side-chain 178-CHMe-OAc is present in four of the above compounds (III, V, IX, 
and XVII) and in each case only a single unsplit peak ascribable to the 3- and the 20- 
acetate group was observed; it had approximately double the intensity of either of the 
angular-methyl peaks. The 208-acetoxy-group has therefore essentially the same chemical 
shift (175 + 2 c./sec.) as the 3a-group, in contrast to the lower shielding recorded by 
Shoolery for the 21-acetoxy-20-keto-group. 

An enol acetate ‘CMe-OAc occurs in compound (VIII), together with a 38-acetoxy- 
group, and here there are two separated acetoxy-peaks at 171} and 176 c./sec. Since the 
latter is normal for 38-acetoxyl, the resonance at 171} c./sec. is ascribed to the enol acetate 
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group, so that the paramagnetic contribution of the olefinic bond has reduced the acetoxy- 
proton shielding. A precisely similar effect is observed for the A%*)-11-acetoxy-grouping 
in conjugation with a 7,8-double bond in compound (XVII) where two peaks ascribable 
to acetate groups fall at 172 and 176} c./sec. Since the intensity ratios are approximately 
1:2 it is reasonable (from the above data) to ascribe the peak at lower field to the enol 
acetate group, and that at higher field to a superposition of 3- and 20-acetate resonances. 
However, in compound (XII) the 11- and the 3«-acetoxy-group seem to give practically 
coincident resonances (however, the purity of this sample is in doubt). 

178-CHMe*OAc and related side chains. In the four compounds containing the 
CHMe:OAc side-chain, the 208-acetoxy-group exhibits the same shift as in the 3-position. 
The secondary 21-methyl resonance is observed in three cases to be split into a sharp 
doublet by the lone 20-hydrogen atom, the components lying roughly symmetrically on 
either side of the 19-methyl peak. In the fourth compound (XVII), with a higher 19 
methyl shift, the high-field component of the 2l-methyl doublet almost certainly lies 
beneath the 19-methyl peak. Both the 21-methyl chemical shift (mid-point of the 
doublet) and coupling constant to 20-hydrogen (component separation) seem to be 
characteristic of this side-chain. The following values are obtained: 
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In compound (XIV) the acetoxy-group has been replaced by benzoyloxy in both the side- 
chain and the 3-position; the complex resonance of the aromatic ring lies immediately 
below the solvent chloroform peak and is probably partially obscured by it. The 21- 
methyl shift and spin-spin splitting retain their characteristic values. 

For the enol acetate grouping =Cig,,.0Ac-Cg,,H, encountered in compound (VIII), the 
tertiary 21-methy] peak is expected to be unsplit by spin coupling. The only experimental 
peak ascribable to this is somewhat broadened, and occurs at considerably lower field 
(185 c./sec.) than for the saturated side-chain. This is qualitatively expected for a methyl 
group attached to an olefinic group; a smaller effect was observed also for the 20-acetoxyl 
resonance. 

Ethylene ketal group. Three compounds have been examined in which both skeletal 
protons in the 3-position are replaced by an ethylene ketal ring (*CH,°O°),. This 
substituent gives a single sharp peak, indicating that its protons are equivalent (or very 
nearly so), at shifts of 99, 99, and 98 c./sec. in compounds (IT), (VI), and (XV) respectively. 
This characteristic shift is at lower field than that for any other substituent peak of 
comparable intensity, and therefore identifies the 3-ketal group unambiguously. 

Cas) «-Secondary methyl group.* In compound (VI) the introduction of an additional 
methyl group was confirmed by the present results (see below and ref. 6c). The spectrum 
shows a peak, ascribable to a 12-methyl group, midway between those for the 19- and the 
18-methyl peaks and of approximately half the intensity of either. The 19-methyl peak 
shows some sign of incomplete resolution from an underlying component, and it is inferred 
that the low-field member of the expected 12-methyl doublet is present. The shift of 
the latter would then be 212 c./sec., and the coupling constant to the skeletal 12-proton 
would be 6 + }c./sec. The shielding is considerably higher than that found for a secondary 
6-methyl group by Slomp and McGarvey? but is, somewhat fortuitously, similar to those 
(2084, 210 c./sec.) which we find for two secondary equatorial 10-methyl groups in two 
steroid fragments in which ring A has been removed. 

Further substituents. Introduction of a 12-methoxy-group in compound (IX) was 
confirmed by the presence of a strong, unsplit peak at 121} c./sec., and by features discussed 


* The configuration of the 12-methyl group was established as axial («) by optical rotatory dispersion 
measurements. 
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below. The shift agrees very closely with the value of 122 c./sec. for a single 3-methoxy- 
steroid.1_ The 17-acetyl resonance in compound (XVIII) occurs at 172} c./sec. (cf. range 
of 171 + 1 c./sec.4). In compound (VII), the 3a-hydroxy-resonance falls at 163} c./sec. 

Substituent and Conformation Effects on the Chemical Shifts of the Angular Methyl 
Groups.—With the exception of the two enol acetates (XII, XVII), all the present com- 
pounds possess an 11-keto-group, which is reported by Shoolery and Rogers (with the 
assumption of additivity of group shielding effects) to cause a lowering of the 19-methyl 
resonance by ~7 c./sec., whilst having little effect on the 18-methyl resonance. We were, 
however, able to examine a number of compounds completely free from side-chain in the 
17-position. 

The majority of the present compounds have an A/B-cts ring junction. The stereo- 
chemistry of the A/B junction would be expected to have very little effect on the shift of 
the remote 18-methyl resonance, but might be a potential complication in interpreting 
19-methyl shifts, particularly if ring A carries any substituents which have a powerful 
displacing effect on the 19-methyl resonance. Reversal of the ring junction with a 
3-hydroxy- or 3-keto-group present is reported 4 to have no significant effect. 

The present results are considered under the substituent concerned. 

3-Acetoxy-group. For a substituent attached to ring A by a single bond, the steric 
relation to the angular methyl groups is affected not only by the local configuration (i.c., 
« or 8) but also by the nature of the A/B ring junction (cis or trans), thus representing four 
distinct possibilities. Of these, only those two with the 3-substituent equatorial are of 
much importance in natural product chemistry, viz., 3«,A/B-cis (58-androstane series), and 
36,A/B-trans (androstane series). Both classes of 3-acetoxy-compound were included in 
the present study. 

(a) 3a-Acetoxy-group (A/B-cis). We must first assume the previous report! that the 
11-keto-group causes the 19-methyl resonance to be displaced some 7 c./sec. below an 
unperturbed resonance position of 220 c./sec. The observed position of 209 c./sec. in (I), 
with only 3-acetoxy- and 11-keto-substituents, therefore indicates that the 3-acetoxy- 
group has a lowering effect of ~4 c./sec. on the 19-methyl resonance; and this is supported 
by the consistent resonance position of 209 + 1 c./sec. observed in five compounds (I, 
III, IV, V, IX) in which these two substituents are likely to be the only ones involved. 
There is no evidence that the 3-acetoxy-group has any effect on the 18-methyl resonance. 

(6) 38-Acetoxy-group (A/B-trans). The compounds (I) and (XVI) differ structurally 
in a change of the A/B junction from cis to trans. The inversion at position 5 causes a 
concomitant change of the 3-substituent from « to 8. The chemical shift of the 19-methyl 
group is displaced from 209 to 215} c./sec., whilst that of the 18-methyl group is virtually 
unchanged. A precisely similar effect is observed on comparing the data for compound 
(XVIII) with those obtained ' for the A/B-cis-analogue. Thus in compound (XVIII), the 
19-methyl shift has been displaced from 210 to 215 c./sec., whilst the 18-methyl shift is 
unchanged at 233 c./sec. The same 19-methyl shift of 215 c./sec. is recorded for a further 
A/B-trans-compound (VIII); this differs from (XVI) only in the presence of a substituent 
in position 17, which is probably too remote to have any effect on the 19-methy] resonance. 
The observed shift is approximately that expected ! for the presence of the 11-keto-group 
alone and we infer that the shielding effect of the 36-acetoxy-group (A/B-trans) on the 
19-methyl group must be small, in contrast to that of the A/B-cis series. This is surprising 
in view of the fact that the acetate group in this configuration (A/B-trans, ring A chair) is 
somewhat nearer to the 19-methyl group than is the 3«-acetoxy-group with A/B-cis (ring 
A chair). Contribution from the boat form of ring A may however be significant in the 
latter case.® 

3-Ketal group. Compounds (II) and (XV) differ from (I) and (XIV) respectively only 
in replacement of an acetoxy- by a ketal group in the 3-position, and both the 19- and the 
18-methyl resonance agree within 1 c./sec. in each of the pairs. It is clear that the 3-ketal 

* Nace and Turner, J. Amer. Chem. Soc., 1953, 75, 4063. 
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group causes the same displacement of the 19-methyl resonance (to lower field by ~4 c./sec.) 
as does the 3a-acetoxy-group for A/B-cis, and again has no effect on the 18-methy] resonance. 

12«-Bromine atom. Four compounds containing this group were investigated. Com- 
parison of compounds (I), (II), and (V) with the 12-brominated analogues (IV), (XV), and 
(III) respectively reveals that the bromine substituent has lowered the 18-methyl resonance 
by 8, 8}, 74 c./sec. whilst leaving the 19-methyl resonance constant to $c./sec. (Relative 
to the tetramethylsilane internal standard, these values become 8}, 104, 6} c./sec. res- 
pectively.) This is consistent with the fact that the 12a-bromine atom is considerably 
closer to the 18- than to the 19-methyl group. A slightly larger effect was observed for 
compound (X), where if the 3-keto-group is assumed to have no lowering effect on the 
18-methyl resonance,! the effect of the 12«-bromine atom will be 10—12 c./sec. 

178-CHMe-OAc Group. In contrast to all other substituents, this appears to cause a 
slight increase in shielding of the 18-methyl group. Comparison of compounds (I) and (IV) 
with the analogues containing side-chains, (V) and (III) respectively, shows that the 19- 
methyl resonance is little affected, whilst the 18-methyl peak is moved to higher field by 
34 and 4 c./sec. respectively (or 2 and 4 c./sec. relative to tetramethylsilane), thus indicating 
a mean increase of ~3 c./sec. 

17-(;CMe-OAc) Group. Compound (VIII) differs from the closest comparable com- 
pound (I) which has no side-chain in having an A/B-trans ring junction. The change in 
19-methyl resonance from (I) to (VIII) can be accounted for entirely by the change in the 
A/B junction and the 3-acetoxy-configuration, and there is no reason to suppose that the 
17-side-chain plays any part in this. Conversely, a change in A/B junction has very little 
effect on the 18-methyl resonance, so that the displacement to lower field by 44 or 6} 
c./sec. (relative to benzene or tetramethylsilane standards) indicates a lowering effect of 
the side-chain by ~5 c./sec. in contrast to the behaviour of its saturated analogue. It is 
not known which of the two possible geometrical isomers is present. 

9a-Bromine atom. The most reliable evidence for the shielding effect of this group is 
provided by a comparison of the A/B-trans-compound (XVI) and its 9a-brominated analogue 
(XX). The large displacement of the 19-methyl resonance indicates that the 9a-bromine 
atom interacts strongly with this group and diminishes its shielding by some 8 c./sec. 
Unfortunately, poor spectra were obtained. for the related 9-bromo-compounds (XI) and 
(XIII). The former gave rise to additional peaks, probably owing to considerable 
hydrolysis of the ketal group, following elimination of a trace of hydrogen bromide; the 
latter gave several low intensity lines in the expected 19-methyl region. The 18-methyl 
shifts (226, 2283), however, appear to be fairly reliable in view of their similarity to that 
for compound (XX), namely, 2274 c./sec., and suggest that the 9a-bromine atom may 
have a slight decreasing effect on the 18-methyl shift also (by 1—2 c./sec. only). These 
results are in accord with the much closer approach of a 9a-bromine atom to the 19- than 
to the 18-methyl group. These compounds are known to isomerise readily to the 12-bromo- 
analogues, where the closer approach of the bromine atom to the 18-methyl group has been 
shown above to cause a markedly different spectrum. The isomerisation may be followed 
readily by observing the proton resonance spectrum, and the present samples were observed 
to undergo this change slowly, even in absence of added acid catalyst. It is hoped to 
investigate the kinetics of the reaction by this means. 

Unsaturated steroids. The following correlations are based mainly on comparison of 
data for isolated pairs of compounds with few cross-checks, so the results must be taken 
as provisional. The displacing effect of skeletal double bonds upon the angular methyl 
shifts may depend on their state of conjugation, thereby causing some departure from 
additivity, although conjugation effects in a rigid ring system may be limited. 

(a) 8,9-Unsaturation. Compound (XXI) differs from (V) only in the presence of an 
olefinic bond. The spectrum was obtained from a weak solution and impurity peaks, 
probably due to ethanol, are superimposed; but the two angular methyl peaks can be 
identified with reasonable certainty. Comparison with the peak locations for (V) shows 
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that the 8,9-double bond has caused a low-field displacement of the shifts of both angular 
methyl groups, the 19-group and the 18-group by 44 c./sec. 

(6) A-1]-Acetate enol acetate group. Replacement of the 11-keto-group in com- 
pound (I) to give the corresponding enol acetate (XII) causes an increase in shielding of 
the 19-methyl group by 2 c./sec. and diminution in 19-group shielding by 44 c./sec. If 
it is assumed ! that the 11-keto-group displaces the 19-methyl resonance by ~7 c./sec. to 
low field whilst having little effect on that of 18-methyl group, it appears that the A®@)-11- 
acetate grouping affects both the 19- and the 18-methyl shielding to a similar extent, 
lowering the resonance position of each by 4—5 c./sec. It is noted that the 9(11)-olefinic 
bond was reported previously ! to displace the 19-methyl resonance by ~6 c./sec. to lower 
field but no conclusions can be drawn regarding the 18-methyl group. 

(c) Conjugated 7,9(11)-unsaturation. Comparison of the results for compounds (XII) 
and (XVII) shows that the introduction of a 7-double bond and 17-CHMe-OAc groups in 
the latter causes an increase in shielding of the 19-methyl group by 34 and of the 18-methyl 
group by 10 c./sec. (or 1 c./sec. less in each case relative to tetramethylsilane as standard). 
The effect on the 18-methyl group is partially due to the 17-side-chain, which has been 
shown above to displace its shift to higher fields by about 3 + 1 c./sec., whilst having no 
effect on the shift of the 19-methyl group. With allowance for this, it appears that 7,8- 
unsaturation causes an increase in shielding of both angular methyl groups (19-methyl by 
~3 c./sec. and 18-methyl by somewhat more). This is in agreement with the previous 
report ! that 7,8-unsaturation causes a unique enhancement of 19-methyl shielding (by 
4 c./sec.), and, whilst the effect on the 18-methyl group was not mentioned explicitly, the 
published results for one pair of compounds indicate an upfield displacement of 3 c./sec. 
on introducing a 7,8-conjugated to a 5,6-double bond. 

Benzoyloxy-groups. In estimating the displacing effect of benzoyloxy-groups on the 
shifts of the angular methyl groups, allowance must be made for the abnormal positions 
of the standard peaks in all but very dilute solutions of such steroids. Data for the 
3a-benzoyloxy-group may be obtained by comparison of the “‘ corrected ” shifts (see p. 5126) 
of ~208 and 232} c./sec. for the 19- and 18-methyl group respectively in compound (XIX) 
with those (210, 233 c./sec.) recorded + for the analogous compound with a 3-acetoxy- in 
place of a 3-benzoyloxy-group. The displacing effect of a benzoyloxy-group on the 
19-methyl peak (to low field) is thus quite similar to that of a 3a-acetoxy-group (it may be 
~2 c./sec. greater), whilst neither is observed to have any measurable effect on the 18- 
methyl peak. 

Comparison of data for compounds (XIII) and (XIV) shows that introduction of the 
17-CHMe-OBz group increases the shielding of the 18-methyl group, but this effect may be 
small when allowance is made for the probable abnormality of the benzene shift in the 
latter (tetramethylsilane was not measured). It is probably not very different from that 
of the 17-CHMe-OAc group. 

c/D-cis Ring junction. Two compounds containing the unnatural c/D-cis junction 
were examined, namely, (XXII) and (XXIII). Unfortunately both ditfer from the 
closest c/D-trans-analogues (XVII) and (XXI) in that they contain 3- and 20-benzoyloxy- 
instead of acetoxy-groups. It is seen however that the shielding effects of these groups in 
both the 3- and the 20-position upon each angular methyl group are similar, so that a 
rough comparison may be made relative to tetramethylsilane = 255 c./sec. Thus 
from the pair (XXI, XXIII) it is seen that changing the c/D junction from rans to cis 
causes a large decrease in shielding of the 18-methyl group (by 10—12 c./sec.), whilst the 
19-methyl group is little affected. The difference between the values for compounds 
(XVII) and (XXII) is, however, unexpectedly great, and a determination of similar 
compounds is to be desired. 

The Resonance of Skeletal Protons.—(a) General absorption of skeletal protons. This 
consists generally of a single broad hump, very variable in form, but in seven cases is split 
into twin broad peaks, partially overlapping and of comparable intensity. This seems 
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likely to occur in compounds with an 4/B-trans ring junction (VIII, XVI, and XVIII; 
three cases out of four) or a 12«-bromine atom (IV, XV, and the isomerisation product of 
XIV; three cases out of five). Compound (VII) also shows this feature. The twin 
peaks are shown in the Fig. for (VIII) (in which a part of the lower field component is 
ascribed to the 20-methyl group) and (XVIII). 

(b) Skeletal protons at position 12. The presence of a sharp peak, of amplitude corre- 
sponding to two protons, within the range 150—160 c./sec., has been reported ! as diagnostic 
of 11-keto-steroids. This was ascribed to the resonance of the two skeletal protons at 
position 12, unsplit because of the absence of protons on adjacent carbon atoms and of 
equivalent chemical shift, and displaced below the region of main skeletal absorption by 
proximity to the 11-keto-group. No steroids monosubstituted at position 12 were reported. 

The present results confirm that account, with the reservation that the range of shifts 
may extend slightly to higher field, particularly in compounds containing no 17-side-chain. 
Thus, resonances of the expected amplitude are observed at 161}, 1634, 155, 155, 155(-3) 
c./sec. in the spectra of compounds (V, VII, VIII, XVIII, and XIX respectively). The 
shifts in three compounds unsubstituted at position 17 are 164}, 1654, 1624 c./sec. (for I, II, 
and XVI). We observe also that the resonances of the 12-methylene group are generally 
slightly broader than the substituted peaks, as would occur if there were very slight 
non-equivalence of the protons. Three 9a-bromo-steroids (XIII, XIV, and XX) give a 
peak in the expected region, but of much lower intensity than predicted. It is possible 
that this substituent, which isomerises readily to give the 12-«-bromo-analogue, may 
interact with the hydrogen atom at this position and cause considerable non-equivalence 
of the proton shielding. 

This characteristic feature is lost upon introduction of a 12-substituent («-Br, -Me, 
or -OMe), and the resonance of the remaining proton at position 12 could not be identified 
with certainty. Four low-intensity peaks observed in the spectrum of compound (VI) 
may be the lone Cy)-proton resonance split into a quartet by the 12-«-methyl group. 
The low-field methylene resonance is also absent in three compounds in which the 11-keto- 
group has been converted into an enol acetate (XII, XVIT, and XXII). 


EXPERIMENTAL 


Proton resonance spectra were obtained with the permanent magnet spectrometer described 
by Leane, Richards, and Schaefer,® at a frequency of 29-9200 Mc./sec. Chemical shifts were 
measured to an accuracy of +4 c./sec. 

Previous authors have employed deuterochloroform as a solvent (the use of pyridine also 
has been described recently *). We find however that, at the steroid concentrations available 
in most cases, the impurity peaks in ‘‘ AnalaR ’’ chloroform are of insufficient intensity to cause 
any difficulty in interpretation of the main steroid features, and we have employed this through- 
out, The solvent peak does not normally obscure any part of the steroid spectrum. Chemical 
shifts are referred to a benzene external standard except where stated otherwise. Further, 
for comparison with other work,’ all are multiplied by a factor of 1-337 to convert them into 
values at 40 Mc./sec. When the measurements for one compound (pregnane-3,11,20-trione) 
given in ref. 1 were repeated, our chemical shifts (converted to 40 Mc./sec.) agreed with the 
published values within } c./sec. As a further check on the validity of the chemical-shift 
measurements, the position of the tetramethylsilane resonance as an internal standard (concen- 
tration about 2%) was also measured for most samples. 

Referencing of Steroid Peaks.—It has been stated! that steroid chemical shifts measured 
in strong (~M)solution in deutergchloroform, relative to a benzene external standard, are 
moved by ~2 c./sec. to higher field than in dilute solution, this being interpreted as due to a 
change in bulk susceptibility. Reference to tetramethylsilane as an internal standard would 


* Leane, Richards, and Schaefer, J. Sci. Instrum., 1959, 36, 230. 
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eliminate any bulk susceptibility effect, and would therefore be preferable if anisotropic 
shielding by the steroid molecules is not significant. 

Two “ blank”’ samples containing a benzene-filled capillary and tetramethylsilane added 
to chloroform only were measured, and the concordant shifts (for 40 Mc./sec.) relative to the 
benzene external standard were —34-3 c./sec. (to low field) for the solvent peak, and + 256-3 
c./sec. for tetramethylsilane. The mean values which we observe for solutions of steroids 
not possessing benzoyloxy-groups are —37-9 c./sec (range 5-8 c./sec.) for the chloroform peak, 
and + 255-1 c./sec. [range 3-2 c./sec., the anomalous result for compound (XVI) being neglected]. 
The larger and more variable displacement of the chloroform peak to low field indicates some 
association with the solute. The average displacement of the tetramethylsilane peak by 1-2 
c./sec. to low field from its position in the “ blank ’”’ experiments is contrary to the direction 
expected from ref. 1 if it were due entirely to a change in the bulk susceptibility, when displace- 
ments of steroid peaks should correspond to that of tetramethylsilane. For three of the 
steroids containing benzoyloxy-groups, the tetramethylsilane resonance occurs at higher fields 
(shift 257—259 c./sec.), which is in the direction expected for anisotropic shielding by the 
aromatic ring. The chloroform resonance in these solutions also appears to be at higher 
shielding than for other steroid solutions of comparable concentration (mean — 34-7 c./sec.; 
four cases), as also do the steroid peaks for compound (XIX), for which prediction can be made. 

In order to study the concentration-dependence of these shifts more reliably, measurements 
were repeated on selected steroids in both very weak (0-1m) and very strong (1-0m or 1-5m)- 
solutions. The 206-hydroxy-analogue (XXIV) of (V) dissolves only to the extent of a Im- 
solution. Relative to the benzene external standard, the peak due to the steroid 3-acetoxy- 
group was displaced slightly to lower field (by 0-6 c./sec.) than the position (175-1 c./sec.) 
observed for the 0-1m-solution, whilst the peak due to the tetramethylsilane internal standard 
showed a displacement in the same direction and of similar magnitude (0-8 c./sec.). The 
solvent peak moved to higher field by 44 c./sec. Measurements on the more soluble diacetate 
(V) did not show any displacement of the single steroid acetate peak or of the tetramethylsilane 
peak on changing from 0-Im- to 1-5m-solution. The solvent peak again underwent a large 
displacement (by 7 c./sec.) to higher field. Neither of-these cases, therefore, shows the 
displacement of steroid peaks to higher field found by Shoolery and Rogers,? and the small 
displacements of the tetramethylsilane peak to lower field measured for compound (XXIV), 
and inferred for most other 11-keto-steroids, indicate that either standard is sufficiently constant 
to be employed in deducing steroid correlations, although double checking is of course advisable. 
It seems reasonable, however, at least for the present compounds, to take a value of 255 c./sec. 
for the separation between the benzene external and the tetramethylsilane internal peak in 
comparing steroid shifts relative to either, rather than that (256-3 c./sec.) for the ‘‘ blank” 
determination. The parallel displacements of steroid and tetramethylsilane peaks for com- 
pound (XXIV) suggest that the effect may be largely one of changing the bulk susceptibility, 
but the values ate too small to be conclusive on this point. The large displacements of the 
solvent peak demonstrate the inadequacy of this as a reference. 

Measurements were conducted also with compound (XIX) at 0-1m- and 1-5m-concentration 
as an example of a steroid containing the benzoyloxy-group. The anomalous displacement 
of both steroid and tetramethylsilane peaks to high field is confirmed. Thus the peak due to 
the 178-acetyl group exhibits a shift of 171-4 c./sec. in 0-1m-solution, very close to the character- 
istic value of 171(+1) c./sec.,} but this is increased by 3-5 c./sec. in 1-5m-solution. The tetra- 
methylsilane resonance is elevated by a smaller amount (1-6 c./sec.), but since its average 
position in our steroid solutions is 1-2 c./sec. below that in the “ blank ’’ determination (or very 
dilute solution) the anomaly introduced by the benzoyloxy-group may be 3 c./sec. This would 
suggest that the tetramethylsilane internal standard may be a better reference for strong 
solutions of such steroids, and corrections to tetramethylsilane = 255 c./sec. are indicated in 
parentheses in the Table. Magnetic susceptibility data for steroids are scarce, but it seems 
rather unlikely that the anomalous effect of the benzoyloxy-group would be due to a change 
merely of the bulk susceptibility. 

From these experiments it may be concluded that at normal concentrations (about 0-5M) 
in chloroform solution, the chemical shifts of steroids not containing benzene rings may be 
recorded with reference to an external benzene sample, or to an internal tetramethylsilane 
reference, with some confidence. Data for steroids containing the benzoyloxy-substituent 
should be regarded with circumspection unless they are obtained from very dilute solutions. 
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989. Dipole Moments, and Sorption Characteristics at the Solution- 
Solid Interface of a Series of Substituted Azobenzenes. 


By D. A. Ispitson, T. Jackson, (Miss) A. McCartuy, and C. W. STONE. 


Sorption of a series of substituted azobenzenes from benzene on activated 
alumina has been studied, and evidence provided that hydrogen-bond 
formation is responsible for the sorption process. From the isotherm data, 
standard thermodynamic free-energy changes have been calculated, and it 
is apparent that hydroxyazobenzenes have a greater affinity for the alumina 
surface than p-aminoazobenzene. Sorption saturation values are explained 
in terms of size and orientation of the sorbate molecules, and it is suggested 
that hydroxyazobenzenes may be sorbed on different surface sites from 
aminoazobenzenes. The apparent dipole moments of the azo-compounds 
in benzene and dioxan have been determined from measurements on dilute 
solutions, but no correlation between Ay and free-energy decrease on sorption 
is observed. That the dipole moments of 2-hydroxy-5-methylazobenzene 
in benzene and dioxan are almost the same is considered to be evidence of 
intramolecular hydrogen bonding in this compound. Dipole moments of 
the azo-compounds in benzene are compared with those of the corresponding 
benzene derivatives, and explained by the difference in the + M effect of the 
amino- and the hydroxy-group. 


THIs investigation was carried out to determine if thermodynamic free-energy decrease 
on sorption at the solution-solid interface is reflected in the dipole moments of the sorbates. 

Sorption of a series of substituted azobenzenes from benzene on activated alumina 
has been studied, and standard free-energy decreases associated with the sorption process 
have been evaluated. Dipole moments of the sorbates in benzene and dioxan have also 
been determined. 

Of the sorbates used, the monosubstituted compounds are of interest in that they 
have been used }? in determining an arbitrary gradation of activities of chromatographic 
alumina. It was expected that these compounds would exhibit wide variation of polarity 
and sorptive affinity for alumina. Benzene was chosen as solvent for the sorption study 
because of its non-polar character. In the light of Kiselev’s work, however, it appears 
that, although non-polar, benzene does not show the lowest interactions with oxide 
surfaces. For example, the sorption and heat of sorption of benzene on hydrated silica 
are higher than those of hexane, owing to additional interactions with the acid hydroxyl 
groups of the sorbent surface: 


EXPERIMENTAL 


(1) Sorption Studies—(a) Materials. Chromatographic alumina, passing a 120-mesh B.S. 
sieve, was stored in bulk; 2-0 g. portions were dried at 110° for 48 hr. before use in the sorption 
experiments. Preliminary experithents indicated that drying of the alumina to constant 


' Brockmann and Schodder, Ber., 1941, 74, 73. 

* Brockmann, Discuss. Faraday Soc., 1949, 7, 58. 

* Kiselev, 2nd Internat. Congress of Surface Activity, ‘‘ Solid/Gas Interface,” Butterworths 
Scientific Publ., London, 1957, p. 179. 
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weight was complete after 48 hr. at 110°, and resulted in a 1-5% loss in weight, due presumably 
to removal of adsorbed moisture. 

Benzene, dried over sodium wire, was distilled, and the fraction of b. p. 80-1°/760 mm. 
was collected. 

p-Aminoazobenzene, recrystallised from alcohol, had m. p. 124°. p-Hydroxyazobenzene, 
prepared in the normal manner, was recrystallised from acetic acid and then alcohol, and had 
m. p. 153°. p-Methoxyazobenzene, prepared by treating p-hydroxyazobenzene with dimethyl 
sulphate in alkaline solution at 60°, was recrystallised from acetic acid and then alcohol, and 
had m. p. 55°. -Acetamidoazobenzene, m. p. 146°, and p-acetoxyazobenzene, m. p. 88°, 
prepared by acetylation, were recrystallised from alcohol. -Dimethylaminoazobenzene, 
prepared by coupling diazotised aniline with dimethylaniline in acid solution, was recrystallised 
from alcohol and had m. p. 118°. 4-Hydroxy-3-methyl-, m. p. 129°, 4-hydroxy-2-methyl-, 
m. p. 105°, and 2-hydroxy-5-methyl-azobenzene, m. p. 108°, were prepared by the normal 
coupling process and recrystallised from alcohol. 

(b) Method of sorption. The sorption experiments were carried out at 35° as previously 
described * except that equilibrium concentrations were determined on a Hilger Spekker 
photoelectric absorptiometer. 

(c) Sorption results. For the sorption process, free sorbate molecules + vacant sites => 
occupied sites, if all sites are identical and there is no sorbate interaction, then K = 6/(1 — 4)c, 
it being assumed that the activity coefficients of the occupied and unoccupied sites are the same. 
6 is the fraction of surface covered, c is the concentration of the free sorbate molecules in the 
mobile phase (in mole 1.~?), an activity coefficient of unity being assumed, and K is an equilibrium 
constant for sorption. This equation can be rewritten in the form 6 = Ke/(1 + Kc), which 


TABLE 1. Sorption and free-energy data. 
p-Hydroxyazobenzene 
104%, = 2-97; 10*K = 0-64; —AG° = 5400 cal, mole". 
2-03 7-66 18-23 35-06 _ 49-89 
1-840 2-330 2-695 2-895 3-145 


4-Hydroxy-3-methylazobenzene 
10x, = 2-12; 10*K = 0-49; —AG° = 5200 cal. 
5-94 6-60 8-30 10-30 14-15 
1-435 1-532 1-691 1-775 1-855 


4-Hydroxy-2-methylazobenzene 
104%, = 2-21; 10°*K = 2-51; —AG° = 6200 cal. mole“. 
0-98 1-22 1-70 2-31 3-30 4-31 
1-530 1-650 1-730 1-820 1-930 2-009 


2-Hydroxy-5-methylazobenzene 
104%, = 0-41; 10°*K = 2-28; —AG° = 6100 cal. mole”. 
0-24 0-38 0-60 0-91 1-33 2-39 
0-118 0-165 0-221 0-283 0-323 0-353 


p-Acetoxyazobenzene 
104%, = 1-66; 10°K = 1-51; AG® = 5900 cal. mole*!. 
1-31 3-00 4-63 10-00 18-52 37-86 
1-218 1-375 1-447 1-550 1-608 1-636 


p-Aminoazobenzene 
10‘x, = 0-67; 10°*K = 0-06; —AG' 3900 cal. mole, 
515 13-27 17-00 20-00 23-81 30-00 36-37 50-85 
0-123 0-296 0-345 0-375 0-408 0-444 0-469 0-480 


p-Acetamidoazobenzene 
10‘x, = 0-61; 10*K = 0-58; —AG° = 5300 cal. mole. 
5-00 8-50 15-09 26-79 38-79 
0-405 0-495 0-560 0-575 0-584 


* Erié, Goode, and Ibbitson, J., 1960, 55. 
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is the familiar Langmuir isotherm. On replacement of 0 by *,/%,, where 7, = moles of solute 
sorbed per g. of alumina at equilibrium, and x, = moles sorbed at saturation, the Langmuir 
equation is transposed to give ¢/%) = 1/*,K + c/x,. This equation was found to be applicable 
to the sorption data in Table 1, and by measurement of the slopes and intercepts of the plots 
of c/%, against c, x,, and K were calculated for each sorbate. The standard free-energy of 
sorption, —AG®, was calculated from equation —AG® = RT In K, this quantity providing a 
measure of the strength of the sorption bond. Sorption and free-energy data are presented 
in Table 1. 

(2) Dipole Moments.—(a) Materials. Dioxan was repeatedly refluxed with sodium, and 
then fractionally distilled under anhydrous conditions. 

(b) Apparatus and methods. Dielectric constants and refractive indices of solutions of 
graded concentrations of each sorbate in benzene and dioxan were determined at 25-0°. The 
apparatus and methods used were the same as in a previous investigation,‘ and the results are 
summarised in Table 2, where the symbols have their usual significance. 


TABLE 2. 


100w € Np 100w € Np 100w € Np 100w € Np 
p-Aminoazobenzene p-Aminoazobenzene p-Hydroxyazobenzene p-Hydroxyazobenzene 
in benzene in dioxan in benzene in dioxan 
0-000 2-2725 1-4981 0-000 2-2063 1-4200 0-000 2-2725 1-4981 0-000 2-2138 1-4201 
0-118 2-2776 1-4985 0-096 2-2132 1-4202 0-093 2-2742 1-4982 0-198 2-2209 1-4206 
0-227 2-2821 1-4988 0-190 2-2198 1-4206 0-181 2-2764 1-4984 0-292 2-2241 —. 
0-342 2-2871 1-4992 0-286 2-2267 1-4209 0-270 2-2782 1-4986 0-393 2-2276 1-4211 
0-447 2-2916 1-4995 0-382 2-2329 — 0-361 2-2799 1-4987 0-584 2-2343 1-4218 
0-556 2-2963 1-4999 0-478 2-2391 1-4218 452 2-2820 1-4989 0-770 2-2414 1-4222 


4-Hydroxy-3-methy]l- 4-Hydroxy-3-methyl- 4-Hydroxy-2-methyl- 4-Hydroxy-2-methyl- 
azobenzene in benzene azobenzene in dioxan azobenzene in benzene azobenzene in dioxan 
0-000 2-2725 1-4981 0-000 2-2115 1-4200 0-000 2-2725 1-4981 0-000 2-2128 1-4200 
0-227 2-2767 1-4986 0-192 —- 1-4206 0-215 2-2768 1-4985 0-195 2-2188 1-4206 
0-451 2-2807 1-4991 0-382 2-2255 1-4213 0-444 2-2815 1-4988 0-392 2-2249 1-4213 
0-676 2-2850 1-4995 0-579 2-2325 1-4220 0-547 2-2838 1-4991 0-507 2-2285 1-4217 
0-898 2-2893 1-5000 0-767 22398 1-4226 0-658 2-2858 1-4993 0-605 2-2316 1-4220 
1-128 2-2937 1-5005 0-960 2-2460 1-4232 0-872 2-2900 1-4996 0-790 2-2373 1-4226 


2-Hydroxy-5-methyl- 2-Hydroxy-5-methyl- p-Methoxyazobenzene p-Methoxyazobenzene 

azobenzene in benzene azobenzene in dioxan in benzene in dioxan 

0-000 2-2725 1-4981 0-000 2-2133 1-4200 0-000 2-2725 1-4981 0-000 2-2091 1-4200 

0-216 2-2755 1-4985 0-182 2-2165 1-4205 0-092 2-2742 1-4982 0-194 2-2129 1-4202 

0-440 2-2786 1-4989 0-374 2-2195 1-4210 0-181 2-2758 1-4984 0-384 2-2167 1-4206 

0-663 2-2817 1-4993 0-567 2-2228 1-4215 0-272 2-2776 1-4986 0-482 2-2186 1-4207 

0-886 2-2846 1-4997 0-760 2-2263 1-4219 0-361 2-2790 1-4987 0-577 2-2204 1-4209 
0-452 2-2808 1-4989 0-769 2-2242 1-4213 

p-Dimethylaminoazo- p-Acetamidoazo- p-Acetoxyazobenzene 

benzene in benzene benzene in benzene in benzene 

0-000 2-2725 1-4981 0-000 2-2725 1-4981 0-000 2-2725 1-4981 

0-115 2-2790 1-4983 0-114 2-2814 1-4982 0-123 2-2744 1-4982 

0-230 2-2859 1-4986 0-183 2-2865 1-4984 0-225 2-2760 1-4983 

0-345 2-2922 1-4989 0-224 2-2898 _- 0-340 2-2778 1-4985 

0-453 2-2978 1-4992 0-226 2-2901 1-4985 0-453 2-2796 1-4986 

0-562 2-3041 1-4994 0-340 2:2990 1-4987 0-566 2-2815 1-4987 


The molar orientation polarisation at infinite dilution, P,., and the dipole moment, yp, of 
each azobenzene derivative were calculated from equations (1) and (2) respectively, 


Pro = 3Myv,fa/(c, + 2)? — v/(n,2®+ 2). 2. 2. we 
“au OC XK Oe Se se Oe ee 


M, = molecular weight of solute; v,, ¢,, and m, are specific volume, dielectric constant, and 

tefractive index respectively of the solvent at 25-0°; a = (de/dw),oo, v = (dn*/dw),o. 

a and v were determined from the limiting slopes of the plots of ¢ against w, and n*, against w. 
8c 
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DISCUSSION 


Polarisation and sorption data are summarised in Table 3. 

In the present work, although alumina was slightly coloured after standing in contact 
with solutions of azobenzene in benzene, the extent of sorption was not measurable. 
This confirms that the main source of affinity between the sorbates used and the alumina 
surface is in the polar substituent groups. Evidence that hydrogen bonding is primarily 
responsible for sorption of non-ionic solutes on alumina is available from a number of 
sources.*? #-Methoxyazobenzene and /-dimethylaminoazobenzene are not sorbed by 
the alumina used in this investigation, and it is evident from the data in Table 3 that, 
with the exception of p-acetoxyazobenzene, only those compounds containing substituent 
groups capable of hydrogen bonding with the sorbent surface are sorbed with a measurable 
free-energy decrease. From a study of the influence of proton-accepting solutes on the 
surface film properties of cetyl acetate, Allingham, Giles, and Neustadter® obtained 
evidence of intermolecular hydrogen bonding, the acetate group acting as proton donor. 
These authors suggest that hydrogen bonding occurs through a hydrogen atom of the 
methyl residue in the acetyl group which is activated by the adjacent carbonyl-oxygen 


TABLE 3. Polarisation and sorption data. 


Azobenzene P.0 —AG° Previous * 

deriv. Solv.* 108% 10%» (c.c.) (cal. mole?) values of pu (D) 
p-Amino- 4246 98 120-3 B 15-4° 2-71,¢ 
6920 102 188-8 B 2-48 ° 
2090 56 56-7 B 14-7° 1-62,¢ 
3557 78 87-9 D 15-2° 2-044 
1882 B 49-0 
3631 91-1 
2022 5E 58-4 
3094 92 72-3 
1347 32-1 
1702 31-2 
1877 51:3 
1965 49-4 
5602 206-8 


_ 
ts 2 


p-Hydroxy- 

4-Hydroxy-3-methyl- 
4-Hydroxy-2-methyl- 
2-Hydroxy-5-methyl- 


p-Methoxy- B 22-8° 1-29¢ 


BOBO wROWOWoROW 
SARAWw SSK AOSOoR 


oo SDawmwawnoe aS 


B 26-9° 3-68,¢ 
B 25° 3-22 3 


p-Dimethylamino- 


p-Acetamido- 7826 57 326-2 
p-Acetoxy- 1568 36 54:3 
* B = benzene; D = dioxan. 
* Bergmann and Weizmann, Trans. Faraday Soc., 1936, 32, 1318. ® Campbell, McAllister, and 
Rogers, J]. Amer. Chem. Soc., 1953, 75, 864. Other refs. as in text. 
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atom. A similar mechanism may operate in the sorption of p-acetoxyazobenzene on 
alumina, the sorbate acting as proton donor. Alternatively, the acetyl group may act 
as the acceptor group in hydrogen bonding, with the alumina surface as proton donor. 

The affinity of ~-hydroxyazobenzene for the alumina surface is appreciably greater 
than that of -aminoazobenzene, indicating that the hydroxyl group forms stronger bonds 
than the amino-group. Although it is rather surprising that —AG® for p-acetoxyazo- 
benzene is greater than that for p-hydroxyazobenzene, the result is consistent with the 
high —AG® value for p-acetamidoazobenzene in comparison with the value for p-aminoazo- 
benzene, i.¢., replacement of a hydrogen atom of a hydroxy- or amino-group by the acetyl 
group causes an increase in —AG®. 

Of the disubstituted azobenzenes examined, it is noteworthy that the dipole moment 
of 2-hydroxy-5-methylazobenzene is almost the same in benzene as in dioxan, indicating 
the presence of intramolecular hydrogen bonding in this compound. Hoyer’ concludes 

5 Jackson, M.Sc. Thesis, Leeds, 1958. 

* Cummings, Garren, Giles, Rahman, Sneddon, and Stewart, J., 1959, 535; Giles, Mehta, Stewart, 
and Subramanian, /., 1954, 4360. 


7 Hoyer, Kolloid-Z., 1951, 121, 121. 
* Allingham, Giles, and Neustadter, Discuss. Faraday Soc., 1954, 16, 92. 
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that the sorption of simple non-ionic anthraquinones and azo-compounds on alumina 
columns (judged by speed of travel) is weaker when any amino-, hydroxy-, etc., groups 
they contain are internally chelated, than when they are free. The relatively high value 
of —AG® (6100 cal. mole") for 2-hydroxy-5-methylazobenzene does not appear to confirm 
this conclusion. 

The previously determined x, value for phenol (4-59 x 10~) indicates almost complete 
unimolecular coverage of the alumina surface. Increased cross-sectional area of the 
azobenzene molecule, and surface-area requirements of the acetoxy- and methyl groups 
are suggested as factors responsible for the smaller x, values of p-hydroxyazobenzene and 
its derivatives. Sorption of 2-hydroxy-5-methylazobenzene through the hydroxyl group 
in the 2-position would produce a tilted arrangement of molecules on the sorbent surface, 
and the consequently increased surface-area requirements of the sorbed molecules may 
explain the very small x, value of this compound. 

A marked difference exists between the sorption saturation values of the hydroxy- 
and amino-azobenzenes, and two explanations appear possible. First, it could be argued 
that both types of compound are sorbed by the same sites, the hydroxyl group forming 
stronger bonds with the sorbent surface than the amino-group. Since the availability 
of suitable sites, and the dimensions of the sorbate molecules, also determine the extent 
of-surface saturation, and since the surface requirements of the hydroxy- and amino- 
groups are not very different, it is possible that the two types of compound are sorbed on 
different surface sites. Unfortunately, no evidence is available that the alumina surface 
is, in fact, heterogeneous. 

Table 3 indicates that the dipole moment of the sorbate determined in either benzene 
or dioxan is unrelated to free-energy decrease on sorption. In agreement with other 
workers,® it is found that in the case of those compounds capable of hydrogen bonding 
through the hydrogen atom of the hydroxy- or amino-group and the oxygen atom of the 
dioxan molecule, the dipole moments determined in dioxan are all greater than those in 
benzene. It was expected that Au(up — ug) would be parallel with free-energy changes 
on sorption, but such is not the case, and it seems more likely that variations in the 
magnitude of the O-H or N-H bond moment on sorption may be significant in interpreting 
variations in sorption affinity. This appears to be so from a study of dipole moments, and 
sorption affinity for alumina, of a series of substituted phenols. 

The dipole moments of the compounds studied are of interest. A comparison of the 
data in Table 4 shows that the moments of the hydroxyazobenzenes do not differ greatly 


TABLE 4. 


Substituent 4-OH 4-OMe 4-OAc 4-OH, 3-Me 4-OH, 2-Me 
p (D) (azobenzene deriv.) ... 1-66 1-58 1-63 1-55 1-69 
uw (D) (benzene deriv.) 1-54¢ 1-30° 1-52¢ 1-44¢ 1-604 
Substituent 2-OH, 5-Me 4-NH, 4-NMe, 4-NHAc 
p (D) (azobenzene deriv.) ... 1-25 2-43 3-18 3-99 
p (D) (benzene deriv.) 1-57¢ 1-51 ** 1-58 9¢ 401° 


* Goode and Ibbitson, /., 1960, 4265. ° Le Févre, ‘‘ Dipole Moments,’ Methuen, London, 1953, 
p. 134. © Donle, Z. phys. Chem., 1931, 14, B, 326. ¢ Williams, Phys. Z., 1928, 29, 683. *¢ Le Févre 
and Le Févre, J., 1936, 1130. 


from those of the corresponding benzene derivatives, indicating the absence of cis-isomers 
in the former compounds (dipole moments of cis- and trans-azobenzene are 3-0 D and zero, 
respectively ). Also the increased length of the conjugated system in the hydroxyazo- 

pe y ng Jug ys y y' 
benzenes would appear to have very little effect on the mesomeric electron release of the 
hydroxyl group. Campbell, Yqung, and Rogers ™ suggest, however, that it is just this 

® (a) Vassiliev and Syrkin, Acta Physicochim. U.R.S.S., 1941, 14, 414; (b) Few and Smith, /J., 1949, 
he (c) idem, ibid., p. 2663; (d) Smith, J., 1950, 3532; (e) idem, J., 1953, 109; (f) Smith and Walshaw, 

+ 1957, 3217. 
© Hartley and Le Févre, /., 1939, 531. 
™ Campbell, Young, and Rogers, J. Amer. Chem. Soc., 1951, 73, 5789. 
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type of electron interaction which accounts for the increased dipole moments of /-amino- 
and /-dimethylamino-azobenzene as compared with aniline and dimethylaniline res- 
pectively. The greater difference found for the dimethylamino-group (1-60 D) may be 
due to electron release from the two methyl groups attached to the nitrogen atom and 
hence to the conjugated system. Interaction on a smaller scale would be expected in the 
case of hydroxyl and methoxyl groups in view of the sequence NH, > OMe > OH for 
the mesomeric electron release from these groups (+M effect). The dipole moments of 
p-acetamidoazobenzene and acetanilide are almost identical, indicating that the’ acetyl 
group decreases the mesomeric interaction between the nitrogen f-electrons and the azo- 
link or distant benzene ring. 


The authors are indebted to J. Hall for assistance in the preparation and purification of 
the compounds, to N. W. Vale for the construction of the heterodyne-beat apparatus, and to 
the Chemical Society for a grant for the purchase of dioxan. They also thank Dr. A. G. 
Catchpole and Dr. J. W. Smith for valuable discussions. 
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990. The Nuclear Magnetic Resonance Spectra of Some 
Trisubstituted Silanes. The Electronegativity of Substituents. 


By D. E. WEBSTER. 


The position of the proton attached directly to silicon, in the proton 
magnetic resonance spectra of a series of alkyl- and aryl-trisubstituted silanes, 
has been measured, and the observed shielding values are compared with the 
electronegativities of organic groups and with Taft’s polar substituent 
constants. The two series Me,Cl,_,SiH and Me,Ph,_,SiH and the corre- 
sponding series Me,Cl,_,CH and Me,Ph,_,CH (* = 0 to 3) have also been 
studied, and the changes in the spectra with stepwise changes in the sub- 
stituents indicate double bonding between the silicon and chlorine or phenyl 
groups. The Si-H stretching vibrations in the infrared absorption spectra 
have been measured and are compared with the nuclear magnetic resonance 
data. 


THE electronegativity of organic groups has been much studied. Such electronegativities, 
of a number of organic groups, were determined by Kharasch and his co-workers ' by 
studying the cleavage of mercury alkyls by acids. This and other methods have been 
part of the subject of a review by Pritchard and Skinner.? More recently Taft * has 
described a method of obtaining polar substituent constants (c* values), which are shown 
to be dependent on the intrinsic electronegativities * of the atoms of the group and other 
constitutional factors. Such o* values are said to be a quantitative measure of the power 
of a group to withdraw electrons inductively from a common reaction centre in a series of 
molecules. The proton magnetic resonance spectra of a series of methyl and ethyl com- 
pounds have been studied by Dailey and Shoolery,5 and they have proposed a scale of 
electronegativities of the substituent groups; however, their series differs markedly from 
that of Taft in that Dailey and Shoolery’s reflects the Pauling electronegativity ® of the 
first atom in the group, irrespective of its degree of hybridization, although this is known 

1 See, e.g., Kharasch and Marker, J]. Amer. Chem. Soc., 1926, 48, 3130. 

* Pritchard and Skinner, Chem. Rev., 1955, 55, 745. 

* Taft, jun., ‘‘ Steric Effects in Organic Chemistry,’’ ed. Newman, John Wiley and Sons, Inc., New 
York, 1956, Chap. 13; J. Chem. Phys., 1957, 26, 93. 

* Mulliken, J. Chem. Phys., 1934, 2, 782; 1935, 3, 573. 


* Dailey and Shoolery, /. Amer. Chem. Soc., 1955, '77, 3977. 
* Pauling, ‘“‘ The Nature of the Chemical Bond,” 2nd edn., Oxford Univ. Press, 1948, p. 64. 
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to be a factor in determining the position of a group in a scale of relative electro- 
negativities.*4 

In order to study further the validity of correlating such proton magnetic resonance 
determinations with electronegativity, and also to study the similarities and differences 
between carbon and silicon, proton magnetic resonance measurements have been carried 
out on a series of substituted silanes and their carbon analogues. 

The shielding values, in parts per million (p.p.m.), of the resonance of the proton 
attached directly to silicon in a series of trisubstituted silanes are shown in Table 1. The 
results are expressed as t values as described by Tiers.” As can be seen in Table 1, the 
shielding values measured were from 3-848 p.p.m. for trichlorosilane to 6-701 p.p.m. for 
tri-isopropylsilane. In general the shielding values decreased with an increase in the 
electronegativity of the substituent group. Hence, trichlorosilane is at one end of the 
series, the chloro-substituent being the most electronegative studied. 


TABLE 1. Nuclear magnetic resonance shielding values for the (Si-)H proton of R,SiH. 


Peak Peak Peak 
multi- multi- multi- 

R __sopiicity ._p-m. R ._p.m. R plicity + (p.p.m.) 
Me 10 i - 0- Bu® m . . p-C,H,Cl 1 4-625 + 0-014 
Et 7 - . Bu! 7 . , CH,Ph 7 5-969 + 0-014 
pr® 7 . . Vinyl m . - 0- p-CH,’C,H,Me 7 6-023 + 0-014 
Pri m? : 5 Ph l p-CH,°C,H,Cl 7 6-013 + 0-012 

p-C,H,Me 1 Cl 3-848 + 0-002 


* 7 (in p.p.m.) = [10-000 — 10®(vn5. — vateysi)/vmeysi]. Increasing values of + signify increasing 
shielding of the proton. Error values are standard deviations for the measurements. * m signifies 
a multiplet, where the number of lines could not be accurately counted. 


The shielding values for the phenyl- and vinyl-substituted silanes are of particular 
interest. If the relative electronegativity of carbon is correlated with its degree of 
hybridization, the vinyl group should be more electronegative than the ethyl group, and of 
comparable electronegativity to the phenyl group. Taft’s values,* as expected, put the 
phenyl group more electronegative than the ethyl group. He does not give a value for 
the vinyl group, but an approximate value determined in this paper (see below) is between 
the values for the ethyl and the phenyl group. The pK, values for the substituted acetic 
acids X*CH,°CO,H are 4:31, 4:35, and 4-82, where X is phenyl, vinyl, and ethyl 
respectively; ® here the order of electron-withdrawing power decreases, Ph > CH,.CH > 
Et. In the cleavage of unsymmetricai organotin compounds by halogens and acids ® the 
ease of cleavage decreases Ph > CH,:CH > Et, whilst for the cleavage of symmetrical 
organomercury compounds by hydrogen chloride™ the rate of cleavage decreases 
CH,-CH > Ph > Et. Although comparison of symmetrical and unsymmetrical com- 
pounds is not strictly valid, it is clear that the rate order can vary. Brown," by dipole- 
moment studies, finds the vinyl group to be more electronegative than the phenyl group. 

In this study the apparent electronegativity increases, Et < CH,-CH < Ph, the 
position of the proton resonance of the trivinyl- lying closer to that of the triethyl- than to 
the triphenyl-silane. The results can be explained by postulating extra ,-d,-bonding from 
the vinyl group to silicon, thus increasing the shielding in the trivinyl compound (see 
also p. 5136). 

The apparent electronegativity of the benzyl group is found to lie between that of the 
phenyl and the methyl group in accordance with Taft’s values. The protons attached to 
silicon in tri-4-methylbenzylsilane and tri-4-chlorobenzylsilane are found to have only 

? Tiers, J. Phys. Chem., 1958, 68, 1151. 

§ Dippy, Chem. Rev., 1939, 25, 151. 

® Seyferth, J. Amer. Chem. Soc., 1957, 79, 2133. 

© Dessy, Reynolds, and Kim, ]. Amer. Chem. Soc., 1958, 81, 2683. 


™ Brown, J. Amer. Chem. Soc., 1939, 61, 1483. 
#2 Stone and Seyferth, J. Inorg. Nucl. Chem., 1955, 1, 112. 
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slightly higher shielding values than that of tribenzylsilane. Also the (Si-)H protons of 
tri-p-tolylsilane and tri-p-chlorophenylsilane have nearly the same shielding values 
as that of triphenylsilane (Table 1), and the shielding values of the (Si-)H protons 
of dimethyl-f-tolylsilane (5-605 + 0-020 p.p.m.) and -chlorophenyldimethylsilane 
(5-607 + 0-020 p.p.m.) are only slightly greater than that of dimethylphenylsilane 
(Table 3). Clearly, the effects of the para-substituents are not very large in the nuclear 
magnetic resonance spectra studied here. It is of interest that for the -methyl and the 
p-chloro-compounds the shielding values are higher than for the unsubstituted compounds, 
It is to be expected that substitution of a p-methyl group will cause the shielding value to 
increase. For the #-chlorophenylsilanes the results would indicate contributions from 
structures such as (I) in the ground state of the molecule. 

The effect of variation of the alkyl group on the (Si-)H proton is to increase the shield- 
ing: Me = Bu! < Pr = Bu" < Et < Pr’. This series is not in accord with that of 
Taft.* From the polar substituent constants the order is: Me < Et < Pr < Bui < 
Bu" < Pri. In our series the order Me < Et < Pri is in agreement with an increasing 
inductive effect from methyl to isopropyl, but the positions of n-propyl, n-butyl, and iso- 
butyl cannot be explained on this basis. Kinetic studies on these compounds are of no 
help, as steric effects alter the relative rates in different reactions.“ 

Recently, the nuclear magnetic resonance spectra of Hg and of the protons of di- 
methyl-, diethyl-, di-n-propyl-, and di-isopropyl-mercury have been reported. It is 
found that the apparent shielding of the mercury is a function of the number of $-protons 
of the alkyl group, the shielding increasing in the order Me < Pr® < Et < Pr’. 

The number of protons attached to the 8-carbon atom of an alkyl group is methy] 0, 
ethyl 3, n-propyl 2, isopropyl 6, n-butyl 2, and isobutyl 1. These increase Me < Bu' < 
Pr = Bu® < Et < Pri. This is the order of increasing shielding in our compounds for all 
of the alkyl substituents, although it should be noted that there is no evidence of coupling 
between these 8-protons of the alkyl groups and the proton attached to silicon, the observed 
splitting of the (Si-)H proton being due to the protons on the a-carbon atom. Since all 
of the protons in the alkyl groups appear as unresolved multiplets, it is not possible to 
decide whether or not the protons attached to the 6-carbon atom are found at lower field 
than the other protons of the alkyl group, as found for the mercury dialkyls.™ 

A possible interpretation of these results is to consider contributions such as (II) in the 
ground state of the molecules. Such hyperconjugation will stabilize the molecule, being 
analogous to hyperconjugation from an alkylbenzyl group (III). It is also tempting to 
suggest that the increased shielding for the 4-chlorobenzyl compound, compared with the 
unsubstituted benzyl compound, is due to contribution of structure (IV) to the ground 
state. 


H* 


e | 


(1) (11) (111) (IV) 


To study further the effect of changing the substituent, the series Me,Cls_,SiH, 
Me,Cls_,CH, Me,Phg—,SiH, and Me,Ph3_,CH (x = 0 to 3) have also been examined and the 
measured shielding values are shown in Tables 2 and 3. 

The successive replacement of methyl groups by the more electronegative chlorine 
results in a progressive decrease in the shielding of the proton bound to the silicon or to the 
central carbon atom. Each successive replacement causes a slightly smaller change in 
both series. This is paralleled by the change in the resonance of the methyl hydrogen 
atoms. The most noticeable difference is that each successive replacement causes a much 

18 Deans and Eaborn, J., 1954, 3169; Eaborn, J., 1955, 2517; Baines and Eaborn, /]., 1955, 4023; 


1956, 1436. 
™ Dessy, Flautt, Jaffé, and Reynolds, J]. Chem. Phys., 1959, 30, 1422. 
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larger change of the shielding value of the (C-)H than of the (Si-)H proton resonance. This 
difference causes a reversal in the shielding of the protons during the two series. For the 
trichloro-compounds and the methyldichloro-compounds the proton of the carbon is less 


TABLE 2. Proton magnetic resonance shielding values for Me,Clg_,SiH and Me,Cls_,CH.* 
Proton attached to Si or C 
Peak mult. 7 (p.p.m.) ? 


Protons of methyl groups 


Compound Peak mult. 7 (p.p.m.) ® 


6-149 + 0-014 
5-134 + 0-014 
4-419 + 0-002 


9-925 + 0-002 
9-493 + 0-002 
9-120 + 0-005 


! 


tobobs | toto te 


9-113 
8-487 + 0-005 
7-941 + 0-014 


3-847 + 0-002 
8-439 

5-882 -+- 0-028 

4/127 + 0-021 

2-751 + 0-014 — 

> + Values as described in Table 1, footnote a. * Value taken from ‘‘ Characteristic 

N.M.R. Shielding Values for Hydrogen in Organic Structures,” by G. V. D. Tiers, Central Research 

Dept., Minnesota Mining and Manufacturing Co., St. Paul, Minnesota, March 1958. @ Also deter- 
mined by Tiers (op. cit.); the values are within our experimental error. 


TABLE 3. Proton magnetic resonance shielding values for Me,Ph3—,SiH and Me,Ph3—,CH."* 
Proton attached to Si or C 
Peak mult. + (p.p.m.) ? 


Protons of Me groups Protons of Ph groups 


Compound Peak mult. 7(p.p.m.)® Peak mult. 7 (p.p.m.)?® 


~ 


Me,SiH 
Me,PhSiH 
MePh, SiH 


6-149 + 0-014 
5-574 + 0-005 
5-083 + 0-002 
4-579 + 0-005 
8-439 
7-140 + 0-025 


9-925 + 0-002 
9-680 + 0-002 
9-415 + 0-007 
9-113 
8-757 + 0-005 


5-941 + 0-028 

4-538 + 0-028 

«x= 0—3. * +r values as described in Table 1, footnote a. * See footnote c, Table 2. 4 See 
footnote d, Table 2. 


| wototo | rotor 


8-430 + 0-028 


! 
| 


shielded than that of the silicon analogue. This is a reflection of the relative electro- 
negativites of carbon, silicon, and hydrogen, the bonds being C*—H** and Si**-H*-. 
However, in the dimethylchloro-compounds and the trimethyl compounds, the methyl 
groups, which are electron-donating towards carbon, but electron-withdrawing from 
silicon, cause a reversal in the order, the silicon analogue being the less shielded. This 
may be due to the greater ability of the carbon than of silicon to transmit the inductive 
effects, or it may be considered that the silicon is an electron sink,’ in which case double- 
bonding would return electrons to the silicon,!® thus reducing the effect of the change of 
substituent in the silicon series. Such an effect is also found for the Me,MCl4_, (x = 1 to 4) 
series, where M is carbon, silicon, or tin.” 

A similar effect is found for the methylphenylsilanes and the analogous carbon series, 
as shown in Table 3. 

The successive replacement of methyl groups by the more electronegative phenyl 
groups results in a progressive decrease in the shielding value for the proton resonances. 
This is not so for the resonance of the hydrogen atoms of the phenyl ring, which is essentially 
constant throughout a series. In these compounds the protons of the methyl groups 
attached to carbon are always less shielded than those of the methyl groups in the silicon 
analogues. As in the previous case, the reverse is true for the (C-)H and (Si-)H protons; 
in the tri-, di-, and mono-methyl compounds the protons of the silicon compounds are less 
shielded than in the carbon analogues. For the triphenyl compounds the + values are the 
same. Again the change in the carbon series is much larger than that in the silicon series, 
again owing to possible d,—p,-bonding between the silicon and the phenyl rings which 


'S Whitmore and Sommer, J. Amer. Chem. Soc., 1946, 68, 481. 
16 Ref. 6, p. 228. 


Brown and Webster, J. Phys. Chem., 1960, 64, 698. 
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would increase the electron density on the silicon. Kimball }* has predicted that for such 
d,~p,-bonding, between the d-orbitals of the silicon and the x-electrons of the phenyl ing, 
a tetrahedrally co-ordinated atom (sf*) such as silicon can form a maximum of two strong 
and three weak x-bonds. To test this theory, Chatt and Williams have studied a series 
of methylphenylsilylbenzoic acids. They found that the acid strength increased steadily 
on replacing the methyl by phenyl groups, indicating that there was no discontinuity in 
the degree of d,—p,-bonding between the silicon and the aromatic ring. They pointed out 
the possibility of a discontinuity between one and two phenyl groups attached to silicon 
but were unable to investigate such an effect with their compounds. Here there is a 
steady change of the (Si-)H proton resonance; hence our results show that there is in fact 
no discontinuity on successively replacing methyl by 0 to 3 phenyl groups. 

Another well-established mechanism of proton shielding is that associated with the 
magnetic anisotropies of the substituents.” The correlation of our results with inductive 
effects assumes that such anisotropic effects within the molecule are not important. This 
is probably the case, as changes in molecular structure within any series are not very great, 
except for the phenyl-vinyl-alkyl group, when the changes in diamagnetic anisotropy 
could be large and affect the shielding values in addition to the effects postulated earlier, 
It may be noted that Bothner-By and Naar-Colin *4 have shown, for a series of halogeno- 
alkanes, that the changes in the shielding values may be explained by postulating resonance 


TABLE 4. Infrared vibration frequencies of the Si-H stretching mode of trisubstituted 
silanes R,SiH. 
I.R. freq. (cm.~*) R I.R. freq. (cm.~) 
2120 11 (CH,Ph), 2130 2124° 
2105 2097 « 12 (p-CH,-C,H,Me), 2130 


2106 
2105 2108¢ 13 (p-CH,°C,H,Cl), 2132 
2092 4 Cl, 2257 2258%¢ 
2105 2096 °* : 2174 2168¢ 
2114 ~~ 2214 2214¢ 
2134 2128 2120¢ 
2132 2126 18 Ph,, Me 2124 21246 4% 
2127 
2135°¢ 
9 (p-C,H,Me), 2128 19 p-C,H,Me, Me, 2125 
10 (p-C,H,Cl), 2136 20 p-C,H,Cl, Me, 2130 
* Smith and Angelotti, Spectrochim. Acta, 1959, 15, 412. * Kniseley, Fassel, and Conrad, ibid., 
1959, 15, 651. * Kaplan, J. Amer. Chem. Soc., 1954, '76, 5880. ¢ Gibian and McKinney, ibid., 1951, 
73, 1431. 


1 
2 
3 
4 
5 
6 
7 
8 


forms very similar to those used here, or alternatively by taking account of bond 
anisotropy. 

The frequencies of the Si-H stretching vibration in the infrared absorption spectra of 
these trisubstituted silanes are given in Table 4, together with values from the literature. 
Smith and Angelotti ** recently reported the Si-H stretching frequency of a number of 
substituted silanes and have examined the variation with the nature of the groups attached 
to the silicon atom. Thompson * has shown that these values may be correlated with 
Taft’s o* values, concluding that the vibration frequency of the Si-H bond is controlled 
by inductive effects. 

Seven of the compounds used by Smith and Angelotti are included in this study and 
the o* values of a further five are known (R,SiH where R = Pr*, Pr’, Bu", Bul, and 
CH,*Ph) and may be added to Thompson’s plot. 

18 Kimball, J. Chem. Phys., 1940, 8, 188. 

#* Chatt and Williams, /., 1956, 688. 

%° Pople, Schneider, and Bernstein, ‘‘ High-resolution Nuclear Magnetic Resonance,” McGraw-Hill 
Co. Inc., New York, 1959, p. 176. 

%1 Bothner-By and Naar-Colin, J. Amer. Chem. Soc., 1958, 80, 1728. 


%2 Smith and Angelotti, Spectrochim. Acta, 1959, 15, 412. 
%3 Thompson, Spectrochim. Acta, 1960, 16, 238. 
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By using the Si-H stretching vibration frequency given by Smith and Angelotti for four 
trisubstituted silanes containing a vinyl group, and also that of trivinylsilane, in con- 
junction with the equation given by Thompson [So* = v(Si-H) — 2106/17-5], o* values 
for the vinyl group of 0-5, 0-4, 0-3, 0-1, and 0-1 are obtained. This is a wide range but all 
five values lies between those for the ethyl group (c* = —0-1) and the phenyl group 

a* = 0-6). 

For the alkyl-substituted compounds the positions of these infrared vibrations decrease 
in the order Me > Bu' > Pm = Bu® = Et > Pr, paralleling the order in the nuclear 
magnetic resonance spectra. This would indicate that, in addition to the inductive, other 
effects influence the vibration. 

An attempt to correlate these Si-H stretching vibrations with the chemical shifts of the 
proton is shown in the Figure. All the substituents except those containing phenyl groups, 


Plot of nuclear magnetic resonance + values against infrared stretching frequency of Si-H in trisubstituted 
silanes. (Numbers of substituents in Table 4.) 


2260514 








5°4 
7 (p.p.m.) 


and possibly the vinyl compound, give a straight-line plot, indicating that for these 
substituents the nuclear magnetic resonance shielding value and the Si-H infrared stretch- 
ing vibration are influenced by similar factors. For the compounds containing phenyl 
groups there are large differences between the shielding values in the nuclear magnetic 
resonance spectra, but not between the Si-H stretching vibrations. 


Experimental.—Materials. All the carbon compounds, trichlorosilane, and methyltrichloro- 
silane were commercial samples and were used without further purification. Trimethyl-, tri- 
ethyl-, triphenyl-, and methyldiphenylsilane were prepared by the usual techniques from 
readily available starting materials. The trivinylsilane was kindly supplied by Dr. A. J. 
Gibbons, jun., of the Metal and Thermit Corp., the dimethylchlorosilane by Dr. R. N. Meals of 
the General Electric Company, and all other samples by Dr. C. Eaborn, of the University, 
Leicester. 

Nuclear magnetic resonance spectra. The measurements were made at a fixed frequency of 
40-01 mc./sec. on a Varian Model V-4300B high-resolution spectrometer equipped with a super- 
stabilizer, sample-spinner, audio-oscillator, Hewlett-Packard 521-C frequency counter, and a 





5138 Tillett: Nucleophilic Displacements in 


Sanborn 151 recorder. An internal standard (Me,Si) was used throughout. The solvent, 
carbon tetrachloride, the sample (of concentration 2—10%), and 1% tetramethylsilane (pure 
grade; Anderson Laboratories, Inc.) were sealed, under a vacuum, in 5 mm. outside-diameter 
Pyrex tubes. The position of the peak was measured to the nearest 0-1 cycle/sec., the average 
of at least 6 determinations being used for each value recorded. Tiers’s side-banding technique ? 
was used, 

Infrared-absorption spectra. These were recorded by using a Perkin-Elmer (model 21) 
double-beam spectrophotometer equipped with sodium chloride optics. The solvent used was 
carbon tetrachloride, and all spectra were calibrated by using known peaks of a polystyrene 
film. The values recorded in Table 4 are estimated to be accurate to +3 cm.1}. 


The author thanks Professor E. G. Rochow and Dr. C. Eaborn for helpful discussions. The 
work was carried out during tenure of a Research Fellowship at Harvard University and was 
supported by the Office of Naval Research. 
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991. Nucleophilic Displacements in Organic Sulphites. Part VII} 
The Acid-catalysed Hydrolyses of Cyclic and Open-chain Sulphites in 
Aqueous Dioxan. 


By J. G. TILLett. 


The hydrolysis of catechol sulphite in 60% dioxan—water is dominated by 
its exceptionally high rate in neutral solution. The acid-catalysed rate passes 
through a maximum with both perchloric and toluene-p-sulphonic acids. 
The results are interpreted in terms of a large negative salt effect for reaction 
in neutral solution, combined with a smaller positive acid-catalysis. Nucleo- 
philic anions catalyse the reaction. The rates of the reaction catalysed by 
halide-ion follow stoicheiometric acidity more closely than they follow hp. 

The effect of perchloric acid on the hydrolysis of ethylene sulphite and of 
diethyl sulphite has been studied in 60% dioxan. These reactions are 
considered to proceed by the A2 mechanism with a superposed salt effect. 
The rates of the halide-catalysed reaction follow Hammett’s acidity function 
more closely than they follow the stoicheiometric acid concentration. The 
results are therefore qualitatively similar to those obtained earlier in aqueous 
solution and indicate that the mechanism of hydrolysis in the two solvents is 
similar. 

Recent criticisms of the Zucker-Hammett hypothesis are discussed. 


EARLIER work on nucleophilic displacements in organic sulphites has been confined to 
reactions in aqueous solution of saturated cyclic and open-chain sulphites. The present 
investigation extends these studies to aromatic systems. Catechol sulphite may be 
regarded as the simplest aromatic cyclic sulphite. Because of its limited solubility in 
water, its hydrolysis has been studied in 60% dioxan. 

60%, Dioxan is very suitable for studies of acid-catalysis because an acidity scale has 
recently been established for it.2 Also, it has a relatively high dielectric constant and 
therefore drastic changes in mechanism would not be expected on changing to it from 
water as solvent. 

The rates of acid-hydrolysis of ethylene and of diethyl sulphite have also been studied 
in 60% dioxan, and compared with those for aqueous solution. 


1 Part VI, Tillett, J., 1960, 37. 
* Bunton, Ley, Rhind-Tutt, and Vernon, J., 1957, 2327. 
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EXPERIMENTAL 


The sulphites were prepared by the standard method. Diethyl sulphite had b. p. 156°/750 
mm., ,*° 1-4130; ethylene sulphite had b. p. 73°/27 mm., »,* 1-4450. Catechol sulphite, 
prepared by Anschutz and Posth’s method * in 66% yield, had b. p. 76°/7 mm., 203°/760 mm., 
n,* 1-5408 (Found: C, 46-5; H, 2-6; S, 20-3. Calc. for CgH,O,S: C, 46-2; H, 2-3; S, 20-5%). 

Acid-catalysed Hydrolyses.—The acids were of Analytical Reagent quality. Their con- 
centrations were determined by titration with standard alkali. Sodium chloride, sodium 
bromide, and sodium hydrogen sulphate were dried at 120°. Lithium perchlorate was a 
recrystallised commercial specimen. It was dehydrated at ca. 150° and kept in a vacuum at 
this temperature for 24 hr. with a diffusion pump. Anhydrous lithium chloride and lithium 
bromide were prepared in a similar manner. Tolvene-p-sulphonic acid was a recrystallised 
commercial sample. 

The rates of hydrolysis at 25° and above were determined by a conventional sealed-tube 
method. The conversion of organic sulphite into sulphur dioxide was determined at intervals 
by breaking sample-tubes under an excess of standard iodine solution, which was then back- 
titrated with sodium thiosulphate. The runs at 0° were carried out in stoppered flasks. Aliquot 
portions were withdrawn at intervals and quenched in a large excess (ca. 400 ml.) of ice-cold 
water containing an excess of iodine, which was then back-titrated as above. 

The following records a typical kinetic run for 0-030m-catechol sulphite in 0-750m-perchloric 
acid with added lithium perchlorate (0-750m) at 0°: 

Time (min.) 29-76 66-10 122-1 179-0 7 9-3 363-5 417-6 ; 
Titre (ml. of 0-0100N-iodine) ... 0-77 1-71 2-71 433 5-65 ‘1 48 
10°2, (min.~') — 133 1:26 1-30 1-26 2 


‘9 29 
g- 
1-29 


3 oe) 
9-89 10°76 24-95 
1:30 128 — 


The finite titre for time ¢ = 0 represents reaction during the time allowed for the reaction 
solution to acquire the temperature of the thermostat. Values of k, have been calculated by use 
of the formula k, = (2-303/t) log,, a/(a — x), where a is the molarity of organic sulphite at time 
t = 0 and + is the molarity of sulphur dioxide liberated at time ¢. The fact that the first-order 
rate-coefficients calculated by the above equation are substantially constant over at least 50% 
of reaction implies that one mole of material titrating as sulphur dioxide is liberated for each 
mole of organic sulphite decomposed. The results are summarised in the following Tables. 


TABLE 1. First-order rate-coefficients for the hydrolysis of catechol sulphite in 60°%, dioxan. 
(a) At 0-0°. 
[HCIO,} (™) — 0-100 : 0-600 
10°%, (min.~!) . 0-364* 2-35 . . 
10*%,/[H*) (1. mole! min.~?) ... one 23-5 
[HCIO,) (™) : 1-25 1-50 
10°, (min.~) ; 1-86 1-70 
10*R,/[H*] (1. mole“! min.~?) ... , 1-49 1-1l 
* In 99-8% D,O. 


(6) At 0-0° with hydrochloric acid. 
[HCI] (m) 0-250 0-5 
108%, (min.~*) 4-65 9-0 
10°, /[H*] (1. mole min.“!) ... 18-6 18-0 


(c) At 0-0° with sulphuric acid. 
[H,SO,} (m) 
10°, (min.~) 
10°%,/[H*] (1. mole“! min.-!) ... 


(2) At 0-0° with toluene-p-sulphonic acid. 
[C,H,-SO,H] (m) 0-100 0-250 0-500 0-750 
10°%, (min.~!) 2-43 2-66 2-83 2-88 
10*%,/[H*] (1. mole! min.-") ... 24-3 10-6 5-66 3-84 


* Voss and Blanke, Annalen, 1931, 485, 273. 
* Anschutz and Posth, Ber., 1894, 27, 2752. 
* Pullen and Peacock, Trans. Faraday Soc., 1958, 54, 11, 
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TABLE 1. (Continued.) 
(e) At 0-0° with added salts. 
0-500 0-750 
1-57 1-31 
0-750 
1-83 
LiClO.) (st) . : 1-50 
Rk, (min.~*) , . 0-78 


(f) At 0-0° with hydrochloric acid and added lithium chloride. 
(HCI) (m) 0-500 0-750 1-00 
{LiCl} (™) , 0-250 — 
10°2, (min.~*) ° , 18-2 26-5 
10°, /[H*) (l. mole“! min.*!) ... . 24-3 26-5 

* Extrapolated value. 


(g) At 0-0° with perchloric acid and 0-250m-lithium chloride. 
me (m) 1-00 2-00 2-50 3-00 3-50 4-00 
10-4 14-1 22-3 36-5 53-5 
9-11 13-0 21-4 35-7 52-8 
— 0-26 —0-70 —1-10 —1-48 —1-84 
* Ak = hk, (in presence of added salt) — &, (in absence of added salt). 
+ Values of H, are those for solutions of perchloric acid in 60% dioxan, i.e., in the absence of 
added salts. 


(A) At 0-0° with perchloric acid and added lithium chloride. 
(HC1O,) (m) 1:00 1-00 1-00 200 2-00 2-00 3-00 
{LiCl} (m) ... 0-100 0-400 0-250 0-100 0-200 0-250 0-100 
10%, (min.") 3-39 804 543 452 7:95 10-4 9-09 


(i) At 0-0° with perchloric acid and 0-100m-lithium bromide. 
On 0) 1-00 2-00 3-00 3-50 
9-14 22-4 ~-41-0 
7°85 21-5 40-1 


(j) At 0-0° with 2-00m-perghloric acid and added lithium bromide. 
i — 0-200 0-300 
10°%, (min.~') 1-29 18-3 29-0 


(k) At 0-0° with perchloric acid and added lithium perchlorate. 
{HC10,] (™) 0-250 0-500 0-750 00 
[LiClO,)} (™) f 1-25 1-00 0-750 “500 
10°, (min.~*) . 0-45 1-11 1-29 “45 
10°AR, (min.~') * - 0-17 0-33 0-51 “67 
10°AR, /(H*] (1. mole min.~).. - 0-68 0-66 0-68 0-67 


* Ak, =k, (obs.) — k, (neutral rate + 1-50m-LiCI10,). 


() At 25-0°. 
[HCI1O,) (™) 0-250 0-500 0-750 
10°, (min.~*) “7 18-3 19-8 20-8 
10*%,/(H*] (1. mole min.~*) ... 73-2 


1- 
19- 
39-6 27-7 19- 


The values of H, are taken from the work of Bunton and his co-workers * and from Long and 
Paul’s review.® 

Influence of Temperature—The entropies (AS*) and the energies of activation (AE) 
calculated by using the formula k = (ekT/h) exp (AS*/R) exp (— AE/RT) are given in Table 5. 

Dioxan Solutions.—Dioxan was purified by the standard method.” The 60% dioxan was 
prepared as follows: dioxan (60 vol.) and water (40 vol.) were mixed together. The required 
volume of 72% “ AnalaR’”’ perchloric acid was added. The amount of water in this volume of 
acid was calculated from the concentration of the acid, and a further volume of dioxan was 
added to bring the final solvent composition up to 60% dioxan. A similar procedure was 
adopted for hydrochloric and sulphuric acid. Toluene-p-sulphonic acid was weighed as the 
anhydrous compound. 


* Long and Paul, Chem. Rev., 1957, 57, 1. 
7 Eigenberger, ]. prakt. Chem., 1931, 180, 75; Hess and Frahm, Ber., 1938, 71, 2627. 
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TABLE 2. First-order rate-coefficients for the hydrolysis of diethyl sulphite in water. 


(a) At 0-0°. 
[HC10O,] (™) . 1-50 2-00 2:00* 2-50 3-00 
10°%, (min.~*) . 1-81 3-06 4-76 4-13 6-32 8-81 
10°, /([H*] (1. mole-* min.~}) ... . 1-21 1-53 sine 1-65 2-11 2-52 
—0-53 —0-78 -- —101 —123 —1-47 
* In 90-:9% D,O. 


(b) At 0-0° with perchloric acid and 0-250m-sodium chloride. 
[HC10,]} (™) . 2-00 2:00* 3-00 4 
10°, (min.~?) p 6-80 10-0 18-1 49 
10°AA, (min.~*) . 3-74 — 11-8 35 
* In 90:9% D,O. 


(c) At 0-0° with perchloric acid and 0-100m-sodium bromide. 
[HC10,] (m) 2-00 2:00* 3-00 -00 
10% (min.~?) ; 918 17-1 26-5 82-8 
10°A2, (min.~?) “6 6-12 _ 20-2 68-9 
* In 90-9% D,O. 


00 
8 
9 


(d) At 25-0°. 
[HC10,]} (mM) , 1-50 1:00* 1-00T 
10°, (min.~*) , 36-7 54-0 42-5 
* With 0-100mM-sodium bromide. + With 0-250m-sodium chloride. 


TABLE 3. First-order rate-coefficients for the hydrolysis of diethyl sulphite in 60%, dioxan. 
(a) At 0-0°. 
[HCIO,] (1) 150 200 200% 2 4-00 
10°, (min.~?) 0-470 1-13 2-23 2-96 4 . 33-5 
10°k,/[H*] (I. mole! min.)... 0-470 0-753 1-12 ~ 1: . 8-37 
H +075 +022 -026 — —0 . 48 —1-84 
* In 90-:9% D,O. 


(b) At 0-0° with perchloric acid and 0-100m-lithium chloride. 
[HC1O,)} (m) 1-00 1-50 2-00 2-50 
10°, (min.~1) , 1-43 2-95 6-44 
10°AR, (min.~') , 0-30 0-72 1-97 


(c) At 0-0° with perchloric acid and 0-0040m-lithium bromide. 

[HCIO,] (™) 1-00 1-50 2:00 2-50 

10%, (min.~?) 0-590 1-37 297 6-30 

10°AR, (min.~*) 0-120 0-240 0-740 81-83 
For 1-00m- and 1-500m-HCIO, at 25-0° the values of 108%, are 10-1 and 22-9 min.~, respectively. 


TABLE 4. First-order rate-coefficients for the hydrolysis of ethylene sulphite in 


aqueous dioxan. 
(a) At 44-6° in 40% dioxan. 
[HCIO,) (™) 0-495 0-980 
10°%, (min.~1) 1-69 4-09 
10%, /(H*] (1. mole? min.) ... 3-62 4:17 
H. +042 


(6) At 44-6° in 60% dioxan. 
[HCIO,] (a1) 
10°, (min.~) 
yew) (1. mole~? min.~) 


TABLE 5. Entropies and energies of activation. 


Sulphite Solvent [HCIO,] (m) Salt [Salt] (Mm) AE (kcal. mole!) AS* (e.u.) 
Diethyl H,O 1-00 . - 19-95 —9-14 
Diethy] H,O 1-00 NaCl 0-250 18-90 — 13-10 
Diethyl H,O 1-00 NaBr 0-100 18-90 ~ 12-16 
Diethyl 60%, Dioxan 1-50 . . 16-40 22-00 
Catechol 60°, Dioxan . . 12-80 — 34-10 
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DISCUSSION 

Hydrolysis of Catechol Sulphite.—Kinetic form. In Fig. 1 are plotted the rates of 
hydrolysis of catechol sulphite against stoicheiometric acid concentration for perchloric, 
sulphuric, and hydrochloric acid. The region of lower acidity is shown in more detail for 
perchloric acid and toluene-p-sulphonic acid in Fig. 2. The rate passes through a 
maximum with concentration of either acid and then falls below the value ascribed to the 
rate of neutral hydrolysis. The values for sulphuric and hydrochloric acid, given in 
Tables 1(6) and 1(c), show that the values of &,/[H*] for sulphuric acid decrease with 
increasing acid concentration. The corresponding values for hydrochloric acid, however, 
increase steadily, leading to the upward curve obtained for hydrochloric acid in Fig. 1. 

The acids used seem to fall into two classes. The first, in which the rate passes through 
a definite maximum, includes perchloric and toluene-f-sulphonic acids. The second class 
includes hydrochloric acid. This has a very marked effect on the rate. The behaviour of 


Fic. 3. Effect of added salts on 
. the neutral rate of hydrolysis o 
Fic. 1. Acid-catalysed hydrolysis jig. 2. Acid-catalysed hydrolysis catechol subphite ; 'S 
of catechol sulphite with mineral of catechol sulphite by (A) toluene- 
acids. p-sulphonic and (B) perchloric , Neutral soln 
acid. 


OF 

















SEE = L 1 L 
0:5 ; tO 20 30 Oo5 tO 15 
Concn. of acid(m) Concn. of acid(m) Coote") 
(A) HCl. (B)H,SO,. (C) HCIO,. (A) LiBr. (B) LiClO,. (C) Lic. 


sulphuric acid seems to be intermediate but more nearly similar to that of acids of the 
second than of the first class. 

The effect of the acids falls in the order HCl > H,SO, > C,H,SO,H ~ HCIO,. This 
is the order of decreasing nucleophilic power of the anions of the acids. It seems reasonable 
to attribute this type of catalysis to nucleophilic attack by the negative ion on the sulphur 
atom of the protonated sulphite, as was found for other organic sulphites. However, 
because of the peculiar kinetic form observed, there must be other factors contributing to 
the overall rate. 

The rate in neutral solution. The hydrolysis of catechol sulphite is dominated by its 
exceptionally high rate in neutral solution (10%, = 2-17 min.) which is comparable to 
that for the hydrolysis of diethyl sulphite in 1-00m-perchloric acid. The only rate of 
neutral hydrolysis of an organic sulphite previously measured has been that of ethylene 
sulphite ® at 44-6° (108%, = 0-0065 min.!). The rates for neutral hydrolysis of other 
organic sulphites previously investigated were negligible. 

The effect of added salts on the rate of neutral hydrolysis of catechol sulphite is shown 
in Fig. 3. The salts studied all retard the reaction. It seems that the activity coefficient 
ratio fs . aw/f*, in the Brénsted equation for the neutral reaction, is modified by the 


* Bunton, de la Mare, and Tillett, J., 1958, 4654. 
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presence of added salts, by an amount which is approximately proportional to the con- 
centration of the salt, but has a specific value for each particular salt. The marked 
specificity of salts in their action is well known.® 

The activity of water decreases with increasing salt concentration but to an extent 
insufficient, it is considered, to cause the changes observed. The negative salt effects 
may arise from changes in fs, in f+, or in both terms. The effects of added salts on the 
rates of acid hydrolysis of ethylene sulphite ® do not correlate with their effects on the 
activity coefficients, fs, of the organic substrate as indicated by solubility measurements 
in solutions of electrolytes.1° Sodium perchlorate and sodium toluene--sulphonate have 
a “ salting in ”’ effect, whereas sodium chloride and sodium bromide “ salt out.” All the 
salts studied, however, increase the rate of acid-hydrolysis. Thus, in the present 
example, although all the salts used decelerate the neutral hydrolysis, the way in which 
they produce this effect may be different. 

The neutral hydrolysis of catechol sulphite is subject to an inverse deuterium effect. 
This rate in 60°/, dioxan—water is 5-95 times greater than that in 60% dioxan—deuterium 
oxide. Similar large inverse deuterium effects have recently been observed by Butler and 
Gold “ for the spontaneous hydrolysis of acetic anhydride in water, and by Pocker ™ for 
the formation and decomposition of acetaldehyde hydrate in water. It is noteworthy 
that the hydrolysis of acetic anhydride described above is also exceptionally fast in neutral 
solution. 

Overall rate-coeffictent. There are thus three reactions contributing to the overall rate, 
and at low acidity the observed: rate constant (Aop..) may be written in the form: 


Rops. = Rw + Ry+[H*] + Ax-[H*)[X7] 


where kw, ky+, and kx- are the rate-coefficients corresponding to the neutral, acid-catalysed, 
and halide-ion-catalysed reactions respectively. Each term may be subject to ionic- 
strength effects. For perchloric acid and toluene-f-sulphonic acid the last term is zero or 
negligible. 

The existence of acid-catalysis may be shown by carrying out the reaction in solutions 
of perchloric acid and lithium perchlorate, the perchlorate-ion concentration being kept 
constant (at 150m). Thus in all these solutions the neutral rate will have a constant 
depressed value corresponding to the negative salt effect on it of 1-50M-perchlorate, and 
any increase above this will be due entirely to acid-catalysis. The results are shown in 
Table 1(k): the values of k,/[H*] stay approximately constant, indicating that the rate is 
proportional to the concentration of perchloric acid. 

Thus the kinetic form observed with both perchloric and toluene-f-sulphonic acid is 
due to a combination of the rates of the acid-catalysed rate and the neutral reaction, the 
latter being subject to a large negative salt effect. If the values of the observed rate 
constant for the perchloric acid-catalysed reaction are added algebraically to the values 
of the observed rate constant (at corresponding perchlorate concentration) for the effect of 
added lithium perchlorate on the neutral reaction, the resultant should represent the true 
acid-catalysed rate. This curve rises to a maximum at ca. 0-5m-acid and then levels off. 
This indicates that the acid-catalysed reaction is itself subject to a quite substantial 
negative salt effect. It is, however, difficult to interpret the levelling off at higher 
acidities. 

The values obtained for acid-catalysis of catechol sulphite by perchloric acid at 25° are 
shown in Table 1(/). As at 0°, the rate passes through a maximum and then falls below the 
rate in neutral solution. The position of the maximum has, however, shifted from 


® Long and McDevitt, Chem. Rev., 1952, §1, 119. 
10 Davies and Tillett, J., 1958, 4766. 

1 Butler and Gold, Proc. Chem. Soc., 1960, 15. 

12 Pocker, Proc. Chem. Soc., 1960, 17. 
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ca. 0-4m-acid at 0° to ca. 0-7M-acid at 25°. This may indicate a greater contribution to the 
overall rate by the acid-catalysis at higher temperatures. 

It is possible that besides the third term in the equation, there ought to be included a 
fourth, to allow for the possibility of halide-ion catalysis of the neutral reaction. In 
Tables 1(g) and 1(/) is shown the effect of added chloride ions at different acidities. At 
any given acidity the rate varies linearly with the concentration of added salt. The 
slopes of these straight lines, when plotted against acid concentration, pass through the 
zero point within experimental error, indicating that the fourth term is negligible and 
therefore halide-ion catalysis only occurs with the protonated substrate. 

The halide-catalysed reaction. The halide-catalysed hydrolysis of catechol sulphite 
follows stoicheiometric acid concentration more closely than Hammett’s acidity function. 
The values of the Hammett slopes are 0-45 and 0-50 for added lithium chloride and lithium 
bromide, respectively. The values of Ak,/[H*] do not increase with increasing acid con- 
centration as much as the corresponding values for diethyl sulphite in water or in aqueous 
dioxan. It is assumed, therefore, that this reaction proceeds by the A2 mechanism and the 
halide ions merely compete with water as the nucleophile for the protonated substrate. 
The most probable reaction pattern is then as in the annexed scheme. The proton might 


H 
i+ 
O + Oo - O-SsOc! 
Oe + Oe = [O 
° O° OH 


H,0| ky+ (I) 
so ' ao 


s 


h wo 


OH 
OH 


be associated with either the terminal or the ring-oxygen atom. The intermediate chloro- 
sulphinate (I) is a probable intermediate in the formation of catechol sulphite from 
catechol and thionyl chloride. 

It is noteworthy that Bunton and Hendy ™ have recently found similar nucleophilic 
catalysis by halide ions on a sulphur atom in the acid-catalysed hydrolysis of methyl 
toluene-p-sulphinate in aqueous dioxan. 

Comparison of Aromatic and Aliphatic Sulphites.—Previously it was reported ! that 
diphenyl and ditolyl sulphite, two of the simplest aromatic “ open-chain ”’ sulphites, are 
unreactive towards water and aqueous alkali. It has now been shown that catechol 
sulphite, the simplest aromatic cyclic sulphite, is ca. 10* times more reactive than ethylene 
sulphite ® in neutral solution. The rate of hydrolysis of diethyl sulphite under similar 
conditions is negligible. In this comparison, the value taken for catechol sulphite is that 
obtained in 60% dioxan, whereas the other sulphites were studied in aqueous solution. 

In alkaline solution, ethylene sulphite is ca. 10* times more reactive than diethyl 
sulphite.t A solution of catechol sulphite in 60% dioxan can be titrated with sodium 
hydroxide at room temperature, and so its rate of alkaline hydrolysis is at least as high as 
that of ethylene sulphite. 

The order of reactivity in acidic solutions is catechol sulphite > diethyl sulphite > 
ethylene sulphite, the differences in rate probably being less than a power of ten in each 
case. Thus, whereas in neutral solution catechol sulphite is very much more reactive than 
ethylene sulphite, yet in acid solution the two compounds have similar reactivities. 

Large differences of reactivity also arise in the phosphate esters. Westheimer has 

18 Bunton and Hendy, Chem. and Ind., 1960, 466. 


™ Richter, Ber., 1916, 49, 2339. 
1 Bunton, de la Mare, and Tillett, /., 1959, 1766. 
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suggested '* that the five-membered cyclic phosphate is exceptionally reactive because of 
interelectronic repulsions between the lone pairs of electrons on the oxygen atoms of the 
ring and the adjacent exocyclic oxygen atoms. This strain would be relieved in the 
puckered trimethylene phosphate. Westheimer and his co-workers have recently 
demonstrated thermochemically 1” that the energy of the cyclic ester does in fact exceed 
that of its open-chain analogues by about 7—9 kcal./mole. 

It has been suggested }® that the reactivity sequence in sulphite esters can be explained 
by the existence of similar repulsions. The abnormally high reactivity of catechol 
sulphite in neutral solution can be explained on this basis. The sulphite ring attached to 
a rigid aromatic system is likely to be considerably strained. This strain would be relieved 
in the protonated species where the positive charge would be expected to reduce the size 
of the orbitals occupied by the adjacent lone pair of electrons, and might therefore reduce 
the differential effects of such interelectronic strains. 

Hydrolyses of Ethylene and Diethyl Sulphite—Kinetic form. The kinetic forms observed 
for ethylene and diethyl sulphite are very similar. Most acid-catalysed reactions fall into 
one of two classes, according to whether the logarithm of the first-order rate-coefficient 
increases linearly with stoicheiometric acidity (the A2 mechanism) or with Hammett’s 
acidity function H, (the Al mechanism). The former correlation is interpreted as meaning 
that the transition state involves both the conjugate acid of the substrate and a solvent 
molecule, whereas in the latter case the transition state involves only the conjugate acid. 

It has been shown ® that the acid-catalysed hydrolysis of ethylene sulphite in water 
proceeds by the A2 mechanism with a superimposed positive salt effect. This salt effect 
causes deviations from linearity in the variation of rate with acid concentration and, 
furthermore, leads to an apparent dependence on H, with a low Hammett slope of ca. 0-69. 

Bunton and his co-workers recently * set up an acidity scale in aqueous dioxan solutions 
and used the H, concept as a mechanistic criterion for this solvent. In Table 4 are shown 
the rates of hydrolysis of ethylene sulphite in 60% and in 40% dioxan—water. The value 
of the Hammett slope is 0-69 in both cases and is therefore identical with that obtained in 
water. The actual rates at corresponding acidities are very similar in the three solvents; 
10%, is 2-59, 1-69, and 1-30 min. in water, 40% dioxan, and 60% dioxan respectively. 

The A2 mechanism for a neutral substrate (S) may be written as 


hy 
S + H,O* === SH* + H,O—~* Products+H* . . . . (I) 
The Brénsted equation then takes the form: 


kh = hKJH*) fg. aw.fatif? .... ©. 216 6 « @&® 
where k is the experimental first-order rate-coefficient, k, is the true rate-coefficient for the 
rate-determining stage, and K, is the equilibrium constant for the protonation of the 
substrate, the other symbols having their customary meaning. The product kK, should 
be independent of environment, and & will depend on [H*] alone if the activity ratio term 
is constant. The results indicate that for ethylene sulphite this is very nearly so. 

The results for diethyl sulphite in different solvents are shown in Tables 2 and 3. The 
Hammett slopes are 0-76 and 0-75 in water and 60% dioxan respectively. The actual 
values of 108%, at corresponding acidities are 1-08 min. in water and 0-470 min.* in 60% 
dioxan. ' 

The rate of acid-hydrolysis of diethyl sulphite is greater in a deuterium oxide—dioxan 
solvent than in the corresponding aqueous dioxan solvent by a factor of 1-33, confirming 
that the acid-catalysis is specifically by the hydrogen ion. 

The similarity of the present results for ethylene and diethyl] sulphite in 60% dioxan and 
those obtained previously in aqueous solution *!5 suggests that the same mechanism of 
hydrolysis operates in both solvents. 


16 Westheimer, Chem. Soc. Special Publ. No. 8, 1957, 1. 
17 Cox, Wall, and Westheimer, Chem. and Ind., 1959, 929. 
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Comparison of Hammett Slopes for Actd-catalysed Hydrolyses in the Presence and in the 
Absence of Nucleophiles.—If the Zucker-Hammett hypothesis is considered to be valid, 
reactions involving a molecule of water in the transition state will correlate with stoicheio- 
metric acidity, whereas reactions which involve only the conjugate acid of the substrate 
will correlate with fy. It is of fundamental importance, therefore, to investigate what 
happens to the form of the dependence of rate on acidity when the molecule of water has to 
compete with other more reactive nucleophiles. 

To examine this, the reaction has been studied in the region of relatively high acidity 
with and without various nucleophiles. It has been assumed “® that the amount of salt 
added is insufficient to alter differentially the values of H, for the solutions. In Tables 2(5) 
and 2(c) are values for the hydrolysis of diethyl sulphite in water catalysed by sodium 
chloride (0-250m) and sodium bromide (0-100m). In Tables 3(b) and 3(c) are values for 
the same reaction in 60% dioxan catalysed by lithium chloride (0-0100m) and lithium 
bromide (0-0040m). There is a fairly accurately linear relation between log,, Ak, and 
H, in all cases. Values of the Hammett slope are indicated in Table 6. The plot of log,, &, 


TABLE 6. Hammett slopes and related data. 

Sulphite Salt Solvent Hammett slope ** Bunnett slope ”’ (w) 
Diethyl : H,O : +3-63 
Diethyl NaCl , —0-031 
Diethyl NaBr : — 1-00 
Ethylene * — , -+-4-30 
Ethylene * NaCl ; +1-51 
Diethyl — % Dioxan ae —— 

Diethyl LiCl 60% Dioxan ° —- 
Diethyl LiBr 60% Dioxan S _- 


against H, for the hydrolysis of diethyl sulphite in water has a slope of 0-76, which is 
increased to 1-05 and 1-08 in the presence of chloride and bromide ions respectively. The 
corresponding values in 60% dioxan are very similar. Those for ethylene sulphite in 
water are rather lower. 

In both solvents the halide-catalysed reaction falls much nearer to the Hammett- 
dependent category than does the reaction that is not catalysed by halide. The rate 
equation that should be followed in the former case is 


Rate oc [S][H*][X-] .fe.fatfx-/ft . . . . ~~ (3) 


where X is the halide. For this to be Hammett-dependent, it is required that the ratio 
fs - fu+fx-|f* follow the protonation of a neutral indicator, and this is sometimes only 
approximately true. 

The examples studied indicate how, under suitable conditions, an apparent Hammett- 
dependence may be obtained for a bimolecular (A2) reaction. The more reactive the 
nucleophile, the more nearly does the rate follow acidity. 

Recent Criticisms of the Zucker-Hammett Hypothesis.—The possibility that examples 
may be found in which a bimolecular reaction shows the behaviour of a Hammett- 
dependent reaction has been suggested by Taft, Deno, and Skell,!® who point out also that 
the Zucker-Hammett hypothesis leads to contradictory conclusions in some cases. 

Whalley and his co-workers ** have suggested that the volume of activation of a 
reaction is a more reliable criterion of its mechanism. Unimolecular (A1) reactions will 
have a volume of activation close to zero, whereas bimolecular (A2) reactions will have a 
relatively large negative volume of activation. They have shown that the volumes of 
activation for the acid-catalysed hydrolyses of acetals and formals are all either positive 

Long, Proc. Chem. Soc., 1959, 798. 

” Taft, Deno, and Skell, Ann. Rev. Phys. Chem., 1958, 9, 303. 

*” Whalley, Trans. Faraday Soc., 1959, 55, 798. 


* Whalley and Koskikallio, Trans. Faraday Soc., 1959, 55, 809. 
** Koskikallio and Whalley, Trans. Faraday Soc., 1959, 65, 815. 
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or close to zero, confirming previous conclusions, based mainly on the use of the acidity 
function, that the hydrolyses proceed by the Al mechanism. 

The use of the Zucker-Hammett hypothesis leads to the conclusion ™ that acid- 
catalysed hydrolyses of epoxides proceed by the Al mechanism. Evidence from the 
effect of pressure on the rate, however, indicates that the rate-determining step is 
bimolecular. Koskikallio and Whalley * interpret this as meaning that the Zucker— 
Hammett hypothesis fails when applied to the hydrolysis of epoxides. Until more studies 
have been made of the effect of pressure on acid-catalysed reactions, however, it is by no 
means certain that values of volumes of activation intermediate between those ascribed 
to Al and A2 reactions will not be obtained. 

A similar situation has already been found when using the entropy of activation as a 
criterion of mechanism. Long, Pritchard, and Stafford * suggested that within a given 
class of compound a rather more positive entropy of activation would be expected for a 
unimolecular reaction, whereas the corresponding bimolecular reaction will show a 
relatively large negative entropy. Some idea of the spread of values obtained for organic 
sulphites is given in Table 5. Whalley * has shown, however, that, whereas this criterion 
may in certain cases give fortuitously correct results, it is not reliable as an unambiguous 
criterion of mechanism. 

Bunnett ® suggested an alternative cmpircal criterion of mechanism. Instead of 
writing the A2 mechanism as in equation (1), he used a suggestion by Leisten * that. for 
some acid-catalysed reactions the transition state may contain more than one molecule of 
water and wrote the mechanism as 


ky 
S + H*,nH,O == SH* + nH,O —*» Products + H*,wH,O . . (4) 
The Brénsted equation can then be written 


k= kK My aw"fs .feut|fe ft . . . . . . . (5) 


and plots of (log & +- Hy) against log aw should be linear. 

The values (w) of the slopes obtained for organic sulphites are shown in Table 6. The 
values of aw used were obtained from the data of Robinson and Baker ® on isopiestic 
measurements in perchloric acid, it being assumed that the added salts do not differentially 
affect the values of the activity of water at different acid concentrations. The values of 
w vary from +4-30 for the hydrolysis of ethylene sulphite to —1-00 for the bromide- 
catalysed hydrolysis of diethy] sulphite. 

Bunnett distinguishes three classes of reaction by the following criteria: (1) w is zero 
or has a small negative value, (2) w is ca. +2, and (3) wisca.5—7. These classes represent 
the Al mechanism, water acting as a nucleophile, and water acting as a proton-transfer 
agent, respectively. As Bunnett points out, however, the quantities w and m must be 
related, the difference being a comparison of the degree of hydration of the transition 
state and the initial state (cf. ref. 28). 

The values of w obtained for the hydrolyses of organic sulphites which are considered to 
proceed by a similar mechanism lie in a range across both of the first two classes. It seems, 
therefore, that this criterion cannot be used in this case. Further, since with this criterion, 
just as for the Zucker-Hammett hypothesis, there is an activity coefficient requirement 
namely that fs . fau+/fnf* must be unity, the same disadvantages are possessed by both 
functions. 

Pritchard and Long * have shown that the ratio of the rate-constants in deuterium 
oxide and in water (h,!°/k,"°) for known Al hydrolyses is greater than 2-05, and for 

*® Long and Pritchard, ]. Amer. ‘Chem. Soc., 1956, 78, 2663. 

* Long, Pritchard, and Stafford, J]. Amer. Chem. Soc., 1957, 79, 2362. 

* Bunnett, /. Amer. Chem. Soc., 1960, 82, 499. 

= Leisten, Chem. and Ind., 1959, 397. 


7 Robinson and Baker, Trans. Proc. Roy. Soc. New Zealand, 1946, 76, 250. 
*8 Bascombe and Bell, Discuss. Faraday Soc., 1957, 24, 158. 
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known A2 hydrolyses is between 1-37 and 1-7. The values of (&,2»°/k,#»°) are 1-55 and 
1-33 for the acid-catalysed hydrolysis of diethyl sulphite in water and 60% dioxan, 
respectively. The values for the same reaction in water catalysed by bromide and chloride 
ions are 1-85 and 1-33, respectively. On this basis, all the reactions studied would be 
classed as A2 with the possible exception of the bromide-catalysed reaction which gives an 
intermediate value. 

Whalley and Koskikallio** have criticised the above use of the magnitude of the 
deuterium effect as a criterion of mechanism since it is entirely empirical. The values 
obtained, however, do indicate that acid-catalysis is specifically by the hydrogen ion. 

It being assumed that the mechanism of hydrolysis of both cyclic and “‘ open-chain ” 
sulphites is the same in both water and aqueous dioxan, and since no ethyl chloride or 
ethylene chlorohydrin is formed in the chloride-ion-catalysed hydrolysis of diethyl 
sulphite ® and ethylene sulphite,’ respectively, the nucleophilic attack must be on the 
sulphur rather than on the carbon atom. The most probable reaction scheme for the 
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hydrolysis of a dialkyl sulphite with water as the nucleophile is that annexed here, where 
the proton might be associated with either of the two different types of oxygen atom. The 
hydrolyses of sulphonates ” and thiosulphates * both involve similar nucleophilic displace- 
ments at a sulphur atom. 


The author is indebted to Professors E. E. Turner, F.R.S., and P. B. D. de la Mare, for their 
advice and encouragement. 
Beprorp CoLLEGE, REGENT’s Park, Lonpon, N.W.1. [Received, June 10th, 1960.) 


*® Bunton and Welch, J., 1956, 3240. 
%® Pryor, personal communication. 





992. 2-Methoxy-2,4-diphenylchroman and 5,6-Dihydro-6-methoxy- 
4,6-diphenyl-4H- and 6,6-diphenyl-6H-naphtho(2’,1':2,3)pyran. 
By R. Lrvincstone, D. MILLER, and (Miss) S. Morris. 


2-Methoxy-2,4-diphenylchroman and 5,6-dihydro-6-methoxy-4,6-diphen- 
yl-4H-naphtho(2’,1’:2,3)pyran have been prepared from the corresponding 
chromens. 6,6-Diphenylnaphtho(2’,1’:2,3)pyran has been prepared by two 
methods and shown to be different from the compound obtained by Wizinger 
and Wenning. 


In this paper we describe the preparation and some reactions of inter-related diphenyl- 
chromen and naphthopyran derivatives. 2,4-Diphenyl-4H-chromen! (I) and 4,6-di- 
phenyl-4H-naphtho(2’,1’:2,3)pyran (VII) in refluxing 4°, methanolic hydrogen chloride 
were converted almost quantitatively into 2-methoxy-2,4-diphenylchroman (IIa) and 
5,6-dihydro-6-methoxy-4,6-diphenyl-4H-naphtho(2’,1’:2,3)pyran (VIIIa) respectively. The 
former product with ferric chloride in boiling acetic anhydride gave the ferrichloride ' (IV) 


! Léwenbein, Ber., 1924, 87, 1517. 
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identical with that obtained from 2,4-diphenyl-4H-chromen (I), 2,4-diphenyl-2H-chromen 
(III), and 2,4-diphenylchroman-2-ol? (IIb). This chromanol with methanolic hydrogen 
chloride gave its methyl ether (IIa) which in boiling glacial acetic acid gave an excellent 
yield of the chromen (I). The ethyl ether was similarly obtained from the chromen (I) 
in ethanolic hydrogen chloride. 
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Reaction of 5,6-benzocoumarin 2 (V) with phenylmagnesium bromide gave a mixture 
of 6,6-diphenylnaphtho(2’,1’:2,3)pyran * (VI) and 5,6-dihydro-4,6-diphenyl-4H-naphtho- 
(2’,1’:2,3)pyran-6-ol (VIIIb) which were separated. The alcohol (VIIIb) was dehydrated 
by boiling acetic acid to give 4,6-diphenyl-4H-naphtho(2’,1’:2,3)pyran (VII), which on 


Ww 
Ultraviolet absorption spectra of compounds: z 
(A) (VI), (C) (VIIIc), and (B), m. p. 194—195°. 





2:0) l — 
250 300 350 
Wavelength (m).) 





hydrogenation afforded the dihydro-derivative (VIIId). The last compound was also 
obtained by reduction of 4,6-diphenyl-6H-naphtho(2’,1’:2,3)pyran (X), which was prepared 
by dehydration of the product from 2,3-dihydro-5,6-benzoflavone* (IX) and phenyl- 
magnesium bromide. Wizinger and Wenning 5 assigned the structure (VI) to a compound, 
m. p. 194—195°, which they obtained by condensing 2-hydroxy-l-naphthaldehyde * with 
diphenylethylene ? in acetic acid saturated with hydrogen chloride; our compound (VI) 
had m. p. 161°. Our compound was reduced by hydrogen and platinum to 5,6-dihydro- 
6,6-diphenyl-4H-naphtho(2’,1’:2,3)pyran (VIIIc), but Wizinger and Wenning’s compound 
was unaffected under similar conditions and no evidence was obtained for the presence of a 
double bond in it. The structure of our compound is supported by the ultraviolet 
absorption spectra shown in the annexed Figure and by oxidation of our compound (VI), 
m. p. 161°, by potassium permanganate in acetone ® to an acid (XIa); the ester of this acid 
was reduced to the alcohol (XIb) which was hydrolysed by dilute sulphuric acid to afford, 
in low yield, diphenylacetaldehyde ® (isolated as its phenylhydrazone). 

* Kauffmann, Ber., 1883, 16, 685. 

* Livingstone, Miller, and Watson, J., 1958, 2422. 

* Jambor, Plattner, and Zach, Helv. Chim. Acta, 1926, 9, 463. 

5 Wizinger and Wenning, Helv. Chim. Acta, 1940, 23, 247. 

* Kauffmann, Ber., 1882, 15, 895. 

7 Allen, Org. Synth., Coll. Vol. I (Ist edn.), p. 221. 


® Livingstone and Whiting, J., 1955, 3631. 
* Stroermer, Ber., 1906, 39, 2293. 
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The possibility that the reaction between 2-hydroxy-l-naphthaldehyde and diphenyl- 
ethylene had given 5-diphenylmethylnaphtho(2’,1’:2,3)furan (XIIc) was _ eliminated 
by an unambiguous synthesis of this compound. Reaction of methyl 5,6-benzo- 
coumarilate ! (XIIa) with phenylmagnesium bromide gave 5-(«-hydroxydiphenylmethy])- 
naphtho(2’,1’:2,3)furan (XIIb) which on reduction afforded 5-diphenylmethylnaphtho- 
(2’,1':2,3)furan (XIIc). Analyses of Wizinger and Wenning’s compound indicated a 
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formula C,,H,,O and when we obtained it by treating the compound (VII) with diphenyl- 
ethylene in acetic acid containing hydrogen chloride it became clear that in Wizinger and 
Wenning’s preparation the pyran (VI) first formed had reacted with a second molecule of 
diphenylethylene to give the compound 8 (XIII). 

6,6-Diphenyl-6H-naphtho(2’,1’:2,3)pyran (VI) was also obtained by an unambiguous 
synthesis, an extension of a method for the preparation of substituted chromanones.™ 
Esterification of 8-naphthol with $$-diphenylacryloyl chloride,” Fries rearrangement of 
the product (XIV) in the absence of solvent, and acidic isomerisation and ring closure by 
acid gave the dihydrobenzochromenone (XV). Reduction by lithium aluminium hydride 
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readily gave the alcohol (XVI) and removal of water by glacial acetic acid gave the naphtho- 
pyran (VI) 


EXPERIMENTAL 
6,6-Diphenylnaphtho(2’,1’:2,3)pyran (V1) and 5,6-Dihydro-4,6-diphenyl-4H-naphtho(2’,1’:2,3)- 
pyran-6-ol (VIIIb).—5,6-Benzocoumarin (30 g.) in dry benzene (550 c.c.) was added in 1} hr. to 
a stirred Grignard solution from bromobenzene (42 c.c.), magnesium (10 g.), and ether (150 c.c.). 
The solution was refluxed for 1 hr. and set aside overnight. After decomposition with 22% 


” Dey, Rao, and Sankaranarayanan, J]. Indian Chem. Soc., 1932, 9, 71. 
'! Cavill, Dean, McGookin, Marshall, and Robertson, J., 1954, 4573. 
** Kharasch, Kane, and Brown, J]. Amer. Chem. Soc., 1942, 64, 333. 
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ammonium chloride solution the mixture was steam-distilled and the product filtered off from 
the non-volatile portion. Extraction with ether, evaporation of the extract, and crystallisation 
of the residue from light petroleum (b. p. 80—100°) gave the alcohol (VIIIb) (6-3 g.) which 
recrystallised from light petroleum (b. p. 100—120°) as needles, m. p. 153—154° (Found: C, 
85:8; H, 5-8. C,;H. O, requires C, 85-2; H, 5-7%). The residue (34-9 g.) insoluble in ether 
recrystallised from acetic acid to give 6,6-diphenylnaphtho(2’,1’:2,3)pyran (VI) as needles, m. p. 
160—161° (Found: C, 90-0; H, 5-7. C,,H,,O requires C, 90-0; H, 5-4%). 

4,6-Diphenyl-4H-naphtho(2’,1’:2,3)pyran (VII).—The alcohol (VIIb) (0-15 g.), when boiled 
with acetic acid (3 c.c.) for 1 min., gave a white precipitate which on recrystallisation from ethyl 
acetate afforded the naphthopyran (VII) (0-1 g.) as needles, m. p. 205° (Found: C, 89-5; H, 5-5. 
CysH 9 requires C, 90-0; H, 5-4%). 

2-Methoxy-2,4-diphenylchroman.—(a) 2,4-Diphenyl-4H-chroman (5-0 g.) was boiled with a 
4%, solution of dry hydrogen chloride in methanol (150 c.c.) for 1 hr. On evaporation and 
cooling, a white solid separated. Recrystallisation from methanol gave 2-methoxy-2,4-diphenyl- 
chroman (4-6 g.) as plates, m. p. 106° (Found: C, 83-5; H, 6-6; OMe, 9-8. C,,H,, O, requires 
C, 83:5; H, 6-3; OMe, 9-8%). 

(b) 2,4-Diphenylchroman-2-ol (1 g.) was refluxed with a 2% solution of hydrogen chloride in 
methanol (30 c.c.) for 2 hr. A white solid which separated on cooling was recrystallised from 
methanol to give 2-methoxy-2,4-diphenylchroman (0-81 g.), m. p. and mixed m. p. 106°. 

2-Ethoxy-2,4-diphenylchroman.—(a) This ether was obtained by methods (a) and (b) above. 
Both gave prisms, m. p. 122° (Found: C, 83-7; H, 6-5. C,,;H,,O, requires C, 83-7; H, 6-6%). 

5,6- Dihydro-6-methoxy -4,6-diphenyl-4H -naphtho(2’,1’:2,3)pyran. — 4,6- Diphenylnaphtho - 
(2’,1’:2,3)pyran (0-33 g.) and a 4% solution of hydrogen chloride in methanol (100 c.c.), when 
refluxed for 64 hr., gave this ether (isolated with ether, recrystallised from methanol), m. p. 174— 
175° (Found: C, 84-8; H, 6-3; OMe, 8-4. C,,H,.O, requires C, 85-2; H, 6-0; OMe, 8-5%). 

2,4-Diphenyl-4H-chromen.—2-Methoxy- or 2-ethoxy-2,4-diphenylchroman (1 g.), when 
refluxed with acetic acid (10 c.c.) for 2 hr. and then cooled, gave 2,4-diphenyl-4H-chromen as 
needles, m. p. and mixed m. p. 109—110°. 

6-Methoxy-4,6-diphenyl-2,3-benzopyrylium Ferrichloride—A solution of hydrated ferric 
chloride (1-5 g.) in glacial acetic acid (3 c.c.) was added dropwise to one of 2-methoxy-2,4-di- 
phenylchroman (0-5 g.) in acetic anhydride (3 c.c.). The mixture was refluxed for } hr. On 
cooling, the ferrichloride (0-5 g.) separated and recrystallised from glacial acetic acid as yellow- 
brown plates, m. p. 167—168° alone or mixed with the ferrichloride obtained from 2,4-diphenyl- 
4H-chromen. 

4,6-Diphenyl-6H-naphtho(2’,1’:2,3)pyran.—2,3-Dihydro-5,6-benzoflavone* (4 g.) in dry 
benzene (15 c.c.) was added slowly to a stirred Grignard solution from bromobenzene (2 c.c.), 
magnesium (0-6 g.), and ether (7 c.c.). The solution was refluxed for 1 hr. and set aside over- 
night. Decomposition with 22% aqueous ammonium chloride and isolation with ether gave a 
gum which crystallised from acetic acid. Recrystallisation from ethyl acetate or ethanol 
afforded the naphthopyran (1-2 g.), m. p. 171—172° (Found: C, 89-5; H, 5-5. C,;H,,O requires 
C, 90-0; H, 5-4%). 

5,6-Dihydro-4,6-diphenyl-4H-naphtho(2’,1’:2,3) pyran (VIIId).—(a) 4,6-Diphenyl-4H-naphtho- 
(2’,1':2,3)pyran (0-19 g.), platinic oxide (0-07 g.), and acetic acid (50 c.c.) were shaken in 
hydrogen until absorption (1 mol.) was complete. Filtration, isolation with ether, and 
recrystallisation from ethyl acetate gave the dihydro-derivative as needles, m. p. 192—193° 
(Found: C, 88-6; H, 6-0. C,,H,,O requires C, 89-3; H, 6-0%). 

(b) The 6H-analogue similary afforded the same product, m. p. and mixed m. p. 192—193°. 

Reaction between 6,6-Diphenylnaphtho(2’,1’:2,3)pyran and 1,1-Diphenylethylene.—An acetic 
acid solution (60 c.c.) of the*naphthopyran (0-84 g.) and 1,1-diphenylethylene (1-31 g.) was 
saturated with dry hydrogen chloride, refluxed for } hr., and set aside. After 2 hr. a solid 
(0-84 g.) separated. Recrystallised from ethanol this had m. p. 194° alone or mixed with the 
compound obtained from 2-hydroxy-l-naphthaldehyde and 1,1-diphenylethylene ? (Found: C, 
90-5; H, 5-8. C,,9H,,O requires C, 91-05; H, 5-8%). It is considered to be 7a,9,10,10a-tetra- 
hydro-8,8,10,10-tetraphenyl-8H-naphtho[2,1-b]cyclopenta[d] furan (XIII). 

Oxidation of 6,6-Diphenylnaphtho(2’,\’:2,3)pyran.—This naphthopyran (1 g.), powdered 
potassium permanganate (5 g.), and acetone (20 c.c.) were refluxed for 7 hr., then cooled, and 
the mixture was filtered. The residue was suspended in water (50 c.c.), acidified with dilute 
sulphuric acid, and treated with sulphur dioxide until the manganese dioxide had dissolved. 
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Isolation with ether gave the dicarboxylic acid (IXa) (0-6 g.), which was treated with ethereal 
diazomethane. After 2 hr. the ester was isolated with ether and treated with a suspension of 
lithium aluminium hydride (0-1 g.) in ether (10 c.c.). The mixture was refluxed for 1 hr. and 
after addition of dilute sulphuric acid the product was isolatd by ether as a gum (0-34 ¢.). The 
product and 30% sulphuric acid (20 c.c.) were refluxed for { hr. Isolation with ether gave a 
brown gum (0-3 g.) which was dissolved in ethanol and treated with an excess of Brady’s reagent. 
The crude dinitrophenylhydrazone was purified by chromatography on alumina from benzene. 
Crystallisation from ethanol afforded diphenylacetaldehyde 2,4-dinitrophenylhydrazone as 
orange red needles (0-01 g., 5%), m. p. and mixed m. p. 146—148°. 

5-(a-Hydroxydiphenylmethyl)naphtho(2’,1’:2,3)furan (XIIIb).—Methyl naphtho(2’,1’:2,3)- 
furan-5-carboxylate (6 g.) in dry ether (500 c.c.) was added slowly to a stirred Grignard solution 
from bromobenzene (9 c.c.), magnesium (4 g.), and ether (100 c.c.). The solution was refluxed 
for 1 hr. and set aside overnight. After decomposition with ammonium chloride solution the 
mixture was steam-distilled and the product extracted with ether from the non-volatile portion, 
Removal of the solvent and crystallisation from light petroleum (b. p. 40—60°) gave 5-(a- 
hydroxydiphenylmethyl)naphtho(2’,1’:2,3)furan (0-9 g.), m. p. 140° (Found: C, 85-0; H, 4-9, 
C,;H,,O, requires C, 85-7; H, 5-1%). 

5-Diphenylmethylnaphtho(2’,1’:2,3)furan.—The foregoing alcohol (XIIIb) (0-5 g.) was 
refluxed in acetic acid (10 c.c.) with zinc dust (5 g.) for 5 hr. Neutralisation with sodium 
hydrogen carbonate solution, followed by isolation with ether and crystallisation from light 
petroleum (b. p. 60—80°), gave 5-diphenylmethylnaphtho(2’,1’:2,3)furan (0-16 g.), m. p. 177° 
(Found: C, 89-75; H, 5-5. C,;H,,O requires C, 89-8; H, 5-4%). 

2-Naphthyl B8-Diphenylacrylate.—$-Naphthol (10 g.), 88-diphenylacryloyl chloride !* (14 g.), 
magnesium (1 g.), and benzene (30 c.c.) were refluxed for 2 hr., cooled, and filtered. A solid 
which separated on addition of ether to the filtrate was extracted (Soxhlet) with ether. Con- 
centration of the ethereal solution and recrystallisation from ether or light petroleum (b. p. 
100—120°) gave 2-naphthyl 86-diphenylacrylate as needles: (63%), m. p. 142° (Found: C, 85-3; 
H, 5-1. C,,H,,O, requires C, 85-7; H, 5-2%). 

6,6 - Diphenylnaphtho(2’,1’:2,3)pyran.—2-Naphthyl (8-diphenylacrylate (1-84 g.) and 
anhydrous aluminium chloride (0-88 g.) were heated at 120—130° for 2 hr., then treated with 
dilute hydrochloric acid and ice. The product was isolated with ether as a gum and refluxed 
with ethanol (25 c.c.) and 3% hydrochloric acid (15 c.c.). Isolation with ether gave 5,6-di- 
hydro-6,6-diphenylnaphtho(2’,1':2,3)pyran-4-one (0-1 g.), m. p. 167—169° (Found: C, 85-2; H, 
5-3. C,;H,,O, requires C, 85-7; H, 5-2%). 

The ketone in ether (10 c.c.) was refluxed with a suspension of lithium aluminium hydride 
(0-13 g.) in ether (10 c.c.) for lL hr. Addition of dilute sulphuric acid, isolation with ether, and 
recrystallisation from light petroleum gave 5,6-dihydro-6,6-diphenyl-4-H-naphtho(2’,1’:2,3)- 
4-ol, m. p. 138—140°, which was boiled with glacial acetic acid (4 c.c.) for } hr. On cooling, 
6,6-diphenylnaphtho(2’,1’:2,3)pyran (0-02 g.) separated as needles, m. p. and mixed m. p. 161°. 

5,6-Dihydro - 6,6-diphenyl-4H-naphtho(2’,1’:2,3)pyran.—6,6-Diphenylnaphtho(2’,1’:2,3)pyran 
(0-83 g.), platinic oxide (0-09 g.), and ethyl acetate (60 c.c.) were shaken in hydrogen until 
absorption (1 mol.) was complete. Filtration, evaporation, and recrystallisation from ethanol 
gave the dihydro-derivative as needles, m. p. 162° (Found: C, 89-4; H, 6-2. C,;H., O requires 
C, 89-3; H, 6-0%). 
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Bourne, Hutson, and Weigel. 


993. Self-decomposition of [1*C]Glucose. 
By E. J. Bourne, D. H. Hutson, and H. WEIGEL. 


p-[4C]Glucose undergoes appreciable self-decomposition when stored 
in vacuo as a freeze-dried sample. Some of the products have been identified 
by chromatography, electrophoresis, and carrier-dilution analysis. A 
comparison of these products with the products of the oxidation of D-glucose 
with Fenton’s reagent suggests a similarity of the two reactions, and the 
participation of hydroxyl] radicals in the self-decomposition. 


In the application of [#C]-tracer techniques to chemical or biochemical reactions, it is 
normally important that the [C]-compounds employed should be chemically pure, and 
it is frequently assumed that such compounds are virtually stable during storage before 
their use. In 1953, Tolbert et al.1 and Lemmon? reported that considerable radiation 
decomposition had occurred to ([*C]-labelled amino-acids, amino-alcohols, purine 
derivatives, calcium glycollate, cholesterol, thyroxine, and succinic acid during storage. 
The products of self-decomposition of [C]methanol were examined by Scraba e¢ al.,3 who 
identified some of them as methane, hydrogen, ethylene glycol, glycerol, and erythritol. 
Wagner and Guinn * have studied the self-decomposition of [C]methyl iodide. From 
the magnitudes of the decompositions of these compounds it appears that various groups 
of [#4C]-labelled compounds are-differently affected by radiation self-decomposition. 

Bayly and Weigel® reported the self-decomposition of [C]carbohydrates, stored 
under various conditions, and noted that this decomposition could be due to one or more 
of four effects, i.e., primary (internal) radiation, primary (external) radiation, secondary 
radiation effect, and chemical decomposition. They concluded that the self-decom- 
position of [14C]sucrose when stored as a freeze-dried sample 1m vacuo at room temperature 
was due mainly to the primary (external) radiation effect, and that the secondary radiation 
effect was prevalent in the decomposition of D-[1“C]glucose stored under the same conditions. 
A further illustration of the importance of chemical structure in determining the sus- 
ceptibility of a [#“C]-compound to self-decomposition is the rapid destruction of (*C}- 
dextran sulphate (ca. 100% in 3 weeks) which was attributed to a secondary radiation 
effect involving the liberation of sulphuric acid. 

The products of self-decomposition are of interest as their presence can lead to erroneous 
interpretations of tracer experiments, and a knowledge of their nature can give a guidance 
to the purification of labelled compounds before use. We now report the analysis of the 
products of self-decomposition of freeze-dried p-[#*C]glucose and evidence regarding the 
reaction mechanism involved. 

A sample of p-[!4C]glucose (ca. 6 mg., generally labelled), with a specific radioactivity 
of ca. 14-44 mc per mmole, which had been purified by paper chromatography and 
crystallisation, was stored in the freeze-dried state in a vacuum-sealed tube in the dark. 
Analysis after 26 months revealed that appreciable decomposition had occurred. Radio- 
chromatograms with a butanol solvent showed the presence of at least 11 new components 
(Table 2) and the disappearance of 14-5% of the glucose. The Rgiucose values of the 
products suggested that acids and neutral compounds with the same or a smaller number 
of carbon atoms than glucose had been produced, together with polymeric material. 
These included compounds such as gluconic, ketogluconic, arabonic, and smaller acids, 
and arabinose, erythrose, and glycerose. 


1 Tolbert, Adams, Bennet, Hughes, Kirk, Lemmon, Noller, Ostwald, and Calvin, J. Amer. Chem. 
Soc., 1953, 75, 1867. 

2 Lemmon, Nucleonics, 1953, 11, No. 10, 44. 

% Scraba, Burr, and Hess, J. Chem. Phys., 1953, 21, 1296. 

“* Wagner and Guinn, J. Amer. Chem. Soc., 1953, 75, 4861. 
5 Bayly and Weigel, Nature, in the press. 
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Electrophoresis of the self-decomposition product in phosphate buffer (pH 7-2) revealed 
the presence of a large quantity of acidic compounds (8-2%). Although at least three 
fractions, in addition to neutral compounds, could be distinguished, considerable streaking 
prevented their quantitative estimation. Similarly, electrophoresis in borate buffer ® did 
not yield sufficient separation for the fractions to be determined quantitatively, although 
at least 9 components were evident. 

A high resolution of the products was achieved by two-dimensional paper chromato- 
graphy—paper electrophoresis, which revealed the presence of 37 components (Fig. and 
Table 3). The fractions were numbered according to their Rgiacose values as shown in 
Table 2; the letters refer to their sequence in electrophoresis. Fractions 5-C, 7-B, 9-B, 
and 12-A had Rgiucose ANd M gincose Values identical with those of glucose (86-4°%), arabinose 
(0-44%), erythrose (0-59%), and glycerose (0-12%). Other fractions corresponded to 
aldohexonic acids, aldopentonic acids, their keto-derivatives, and the lactones of these 
acids. 

In order to make a more accurate determination of some of the products of the self- 
decomposition, the mixture was analysed for specific compounds by the carrier-dilution 
technique. With those compounds which establish equilibria in aqueous solution, such 
as a- and @-sugars, acids and lactones, it was necessary to allow sufficient time for the 
carrier to equilibrate with the ["“C]-product of the self-decomposition (cf. 2-keto-D-gluconic 
acid results). Neglect of this step could have given a determination of only one of the 
components of the equilibrium. The results are shown in Table 1. It will be seen that 


TABLE 1. Products of self-decomposition of D-[24C] glucose and oxidation of D-glucose 
by Fenton’s reagent. 


Yield (%) on Yield (%) on - Yield (%) on Yield (%) on 
self-decompn. oxidn. by self-decompn. oxidn. by 
for 26 Fenton’s for 26 Fenton’s 
Compound months reagent Compound months reagent 
p-Glucose ...........- 79-95 40-12 p-Glucurone ......... <0-10 
p-Arabinose ......... 0-43 0-49 p-Arabonic acid ... 0-07 1-11 
p-Erythrose ......... ° Oxalic acid ......... <0-0005 1-02 
Glycerose. ............ ° p-Glucosone ......... 12-6 * 
p-Gluconic acid ...... 0-62 11-68 Formaldehyde ...... 0-02 
2-Keto-p-gluconic Carbon dioxide ...... 0-49 
BOE -covescepesvencenen 0-38 2-32 


* Identified by chromatography. { Total osones calculated as p-glucosone. 


these measurements indicated that the [##C]glucose sample had decomposed to the extent 
of 20% in 26 months, giving inter alia p-arabinose (0-43%,), D-gluconic acid (0-62%), and 
2-keto-p-gluconic acid (0-38%). No attempt was made to determine all the many 
products because the pattern was already evident and because of the small amount (6 mg.) 
of the stored parent compound at our disposal. 

The G(—M) values of freeze-dried samples of [C]sucrose and p-[!C]glucose, when 
stored in vacuum-sealed tubes at room temperature, have been found to be 4 and 53 
respectively.® 

Sucrose can, with efficient freeze-drying techniques, be obtained anhydrous. A freeze- 
dried sample of D-glucose, prepared in the same way as the radioactive sample, was shown, 
by the presence of a broad absorption band at 1640 cm. in its infrared spectrum, to 
contain an appreciable quantity of non-bonded water. It is therefore reasonable to 
assume that the freeze-dried p-{!*C]glucose sample also contained non-borided water. 
The interaction of the $-particles from “C with the water could thus produce hydroxyl 
radicals, which on reaction with p-[!“C]glucose would enhance the degree of decomposition. 


* Foster, ]., 1953, 982. 
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To test the validity of this theory a comparison was made with the oxidation of 
p-glucose with Fenton’s reagent,” which is known ® to generate hydroxyl radicals in 
solution, according to the process H,O, + Fe? —» Fe*+ + OH- + OH:. A mixture 
of the products formed by Fenton’s reagent and by self-decomposition was analysed by 
paper chromatography. A radiochromatogram showed seven components, six of which 
had Rgiucose Values identical with six of the eight coloured spots which appeared when the 
chromatogram was sprayed with alkaline silver nitrate ® and which arose from the chemical 
oxidation (Table 4). 

A quantitative determination of some of the products from the chemical oxidation was 
made by treating freshly purified p-{/*C)glucose with Fenton’s reagent (1-014 mol. of 
peroxide) and applying carrier-dilution techniques for D-glucose, D-arabinose, D-gluconic 
acid, 2-keto-p-gluconic acid, D-glucurone, D-arabonic acid, and oxalic acid. pD-Gluco- 
sone,” formaldehyde," and carbon dioxide were also determined. The results are 
shown in Table 1. The production of D-glucosone was confirmed when paper chromato- 
graphy in phenol-water (4:1; to give a clear separation from glucose) revealed a com- 
ponent with Ry 0-25, identical with that previously reported.* A radiochromatogram 
of the products of the self-decomposition of p-[#*C]glucose did not reveal D-glucosone. 

Immobile components were present on paper chromatograms of the products from both 
the self-irradiation and the chemical oxidation of D-glucose. That from the former was 
treated with sulphuric acid and then with barium carbonate, but no radioactivity was 
found in the filtrate. It is suggested that this material was a non-glycosidic acidic polymer, 
which was either precipitated by the sulphuric acid or formed an insoluble barium salt; 
this is supported by its streaking towards the anode during electrophoresis. It is possible 
that it arose by synthesis of carbon-carbon bonds from radicals, since it is known ® that 
(4C}methanol gives ethylene glycol, glycerol, and erythritol. The immobile product from 
the chemical oxidation of D-glucose was precipitated from aqueous solution by acetone 
and contained 17-9% of iron. It may have been similar to an iron complex found by 
Kiichlin,!* and was not necessarily related to the material formed by self-irradiation. 

Clearly, there is a marked similarity between the products arising from self-decom- 
position of pD-[14C]glucose and those formed when glucose is oxidised by Fenton’s reagent. 
The only significant difference was the absence of D-glucosone from the products of 
irradiation. This may have been due to the fact that the irradiation decomposition 
proceeded in the absence of air, whereas no precautions were taken to exclude air during 
the chemical oxidation. Moreover, glucosone is a very reactive compound and may well 
have undergone considerable chemical change during the long storage period, but not 
during the rapid chemical oxidation. 

The similarity between the products of the chemical and radiation-induced reactions 
suggests that they arise by similar routes, presumably involving the participation of 
hydroxyl radicals. Abstraction of hydrogen by these radicals would yield polymers, 
keto-groups, and carboxyl groups, thus producing gluconic acid and keto-gluconic acids. 
In conjunction with C-C bond fission, lower aldoses and their acids and keto-derivatives 
would result. This is also supported by the work of Phillips e¢ al. and Grant e¢ al.,4 
who studied the action of ionising radiation on aqueous solutions of D-glucose in the 
presence of oxygen and im vacuo, respectively. The similarity between some of their 
products and those produced by self-decomposition suggests a similarity of the reaction 
mechanisms. 


? Morrel and Crofts, J., 1899, 75, 786. 

Waters, Ann. Reports, 1945, 42, 130. 

Trevelyan, Procter, and Harrison, Nature, 1950, 166, 444. 
1 Cross, Bevan, and Smith, J., 1898, 73, 468. 

11 Gibbons and O’Dea, Biochem. J., 1953, 55, 580. 

12 Bayne and Fewster, Adv. Carbohydrate Chem., 1956, 11, 67. 
18 Kiichlin, Rec. Trav. chim., 1932, §1, 892. 

™ Phillips, Moody, and Mattok, J., 1958, 3522. 

% Grant and Ward, /J., 1959, 2871. 
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EXPERIMENTAL 


Material.—n-[*C]Glucose, generally labelled, was obtained from the Radiochemical Centre, 
Amersham. It had been prepared by photosynthesis and had been purified by chromatography 
and crystallisation, after which no impurities could be detected. 

Determination of Radioactivity Radioactivity was determined after conversion of the 
compound into carbon dioxide, and thence into barium carbonate.%* The amount used was 
sufficient to give a thickness greater than 20 mg. per cm.*. The $-emission was measured by 
using a Geiger—Miiller end-window tube with an EKCO scaler (type N 529A) and for times 
sufficient to give a standard error of better than +2%, except for samples of specific radio- 
activity lower than 1-6 uc per g.-atom of carbon. All figures quoted are corrected for back- 
ground and paralysis time. A sample of poly([#*C])methyl methacrylate), supplied by the 
Radiochemical Centre, Amersham, was used as a standard source of barium [**C]carbonate. 

Chromatography.—{i) Solvents. The solvents used in paper chromatography were: (a) 
butanol-ethanol—water (4: 1:5) (organic phase); (b) acetone—water (4:1); (c) phenol—water 
(4:1). 

(ii) Radiochromatograms. Radiochromatograms were obtained by exposure of the paper 
chromatograms to Ilford X-ray films (Industrial G) for an appropriate length of time, or by 
scanning the paper chromatograms with a Geiger—Miiller end-window counter. 

Chromatography and Electrophoresis of Self-decomposition Products from v-[!*C]Glucose.— 
p-[*C]Glucose (481 uc contained in ca. 6 mg.; spec. radioactivity ca. 2400 mc per g.-atom of 
carbon) was stored in the freeze-dried state in a vacuum-sealed tube in the dark for 26 months, 
A radiochromatogram in solvent (a) revealed the presence of 11 components in addition to 
glucose, as shown in Table 2. Fractions No. 2, 3, 5, 6, 8, 9, and 11 had Rgjnooge Values similar 
to those of reference samples of p-gluconic acid and 2-keto-p-gluconic acid, D-arabonic acid, 
p-glucose and p-glucosone, D-arabinose, p-gluconolactone, D-arabonolactone and p-erythrose, 
and glycerose, respectively. 


TABLE 2. Radiochromatogram of D-[C]glucose stored for 26 months. 


VORCTEOM 9D |. osqniciciasssai ccs 1 2 3 4A 4B° & 6 7 8 9 10 11 12 I18f 

Bandar tesa pternsscessqeesecasheee 0 O1 O02 O83 10 13 15 21 26 29 31 3-5 

Radioactivity (% of total) 29 26 16 12 Ll 855 14 13 O7 10 03 0-2 0-1 0-1 
* Trail between fractions 4A and 5. { Trail between fraction 12 and bottom of chromatogram. 


Electrophoresis (15 v per cm.) of the self-decomposition product in 0-2m-phosphate buffer 
(pH 7-2) and estimation of the distribution of the radioactivity showed that 8-2% of the material 
moved towards the anode and was thus acidic. In addition to the neutral material (91-8%), 
three fractions having M ginconic acia Values of 1-00, 1-13, and 2-43 could be distinguished, but the 
considerable streaking did not allow their independent quantitative determination. 


TABLE 3. Self-decomposition products from D-[4C]glucose after 26 months’ storage. 


Trailing 
Fraction ............ 1-A 1-B 23-A 2,3-B 2,3-C 2,3-D 2,3-E of 4-A 4-A 
Radioactivity * ... 0-64 0-11 2-14 1-46 0-07 0-04 0-02 0-44 0-89 
| re oo OD 4-B 4-C 5-A 5-B 5-C 5-D 6-A 6-B 7-A 7-B 
Radioactivity * ... 0-01 0-03 0-30 030 864 003 O09 #047 006 0-44 
Fraction ............ 7-C 7-D 8-A 8-B 8-C 8-D 8-E 9-A 9-B 9-C 
Ratioactivity * ... 3-19 0-04 0-04 006 O32 O70 O08 O11 059 0-25 
Fraction ............ 9-D 10-A 11-A 11-B 11-C 11-D 12-A_ 12-B_ 12-C 


Radioactivity * ... 0-11 0-06 0-05 O05 O15 #004 O12 008 0-02 
* J.e., radioactivity as % of total. 


Paper electrophoresis in 0-2m-borate buffer * (pH 10), with subsequent exposure to X-ray 
film, revealed nine components with Mg values of 0-12, 0-25, 0-37, 0-60, 0-70, 0-80, 1-00, 1-15, 
and 1-87. Streaking prevented their quantitative determination. 

1* Skipper, Bryan, White, and Hutchinson, J. Biol. Chem., 1948, 178, 371; Calvin, Heidelberger, 


Reid, Tolbert, and Yankwich, “‘ Isotopic Carbon,” Wiley, New York, 1949; Henriques, Kistiakowsky, 
Margnetti, and Schneider, Ind. Eng. Chem., Analyt., 1946, 18, 349. 
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Two-dimensional paper chromatography [solvent (a)]—paper electrophoresis (0-2m-borate 
buffer, pH 10), with subsequent exposure to X-ray film and determination of the distribution 
of the radioactivity, revealed the presence of 37 components (Fig. and Table 3). 

Fractions 2,3-A, 2,3-B, 4-A, 5-C, 7-B, 8-D, 9-B, 9-D, and 12-A had Rgjucose and Metucose 
values similar to those of aldohexonic acids and their keto-derivatives, aldopentonic acids 
and their keto-derivatives, p-glucuronic acid, D-glucose, D-arabinose, lactones of fraction 2,3-A, 
p-erythrose, D-arabonolactone, and D-glycerose, respectively. 

Paper chromatography of fraction 5 (Table 2) in solvent (c) revealed only one component 
with Ry value identical with that of D-glucose. pD-Glucosone was thus not present. 

Carrier-dilution Analysis of Self-decomposition Products from D-[14C]Glucose.—(i) «-p-Glucose 
(3-998 g.) was dissolved in an aliquot part of a solution of the self-decomposition product 
(20-83 wc) in water (15 ml.). The pH of the solution was adjusted with ammonia solution to 
7-5. The solution was stored until the optical rotation had reached equilibrium value, and 
then freeze-dried. The solid was crystallised by dissolving it in boiling 96% methanol (15 ml.) 
and adding propan-2-ol (10 ml.), and was recrystallised until three consecutive samples possessed 
constant specific radioactivity (125-07 uc per g.-atom of carbon; 79-95%; m. p. 147°). 

(ii) p-Glucono-8-lactone (1-019 g.) was dissolved in an aliquot part of a solution of the self- 
decomposition product (9-98 uc) in water (10 ml.). The solution was allowed to equilibrate 
for 12 hr., as it was found by measurement of the optical rotation that maximum concentration 
of free acid was obtained after 7 hr. The solution was neutralised with aqueous potassium 
hydroxide. Potassium pD-gluconate was obtained by evaporation to ca. 5 ml., addition of 
ethanol (15 ml.) to incipient cloudiness, and crystallisation at 0°. The material was recrystal- 
lised from aqueous ethanol until three consecutive samples possessed constant specific radio- 
activity (1-81 wc per g.-atom of carbon; 0-62%; m. p. 176°). 

(iii) A solution of 2-keto-p-gluconic acid in water (10 ml.), obtained by treatment of calcium 
2-keto-p-gluconate (0-634 g.) with Amberlite IR-120 [H*], was added to an aliquot part of the 
self-decomposition product (13-87 uc) in water (15 ml.). The solution was allowed to equili- 
brate for 18 hr., then treated with De-Acidite F.F. (carbonate form) (15 g.). The acid was 
desorbed by treatment with 3% ammonium carbonate solution (50 ml.). The solution was 
freed from cations by treatment with Amberlite IR-120 [H*] (10 g.) and neutralised with 
aqueous potassium hydroxide. Potassium 2-keto-p-gluconate (2-98 uc per g.-atom of carbon; 
038%; m. p. 152°) was obtained as described for potassium pD-gluconate. 

(iv) Potassium 2-keto-p-gluconate (0-471 g.) was dissolved in an aliquot part of the self- 
decomposition product (19-04 uc) in water (25 ml.), and the solution stored for 1 hr. Potassium 
2-keto-p-gluconate (1-43 uc per g.-atom of carbon; 0-09%; m. p. 152°) was obtained as 
described for potassium D-gluconate. 

(v) p-Glucurone (0-994 g.) was dissolved in an aliquot part of the self-decomposition product 
(15-09 uc) in water (10 ml.). The solution was set aside for 20 hr., evaporated to a syrup, and 
seeded with a trace of p-glucurone. The crystalline product did not show constant specific 
radioactivity after 11 recrystallisations (0-45 uc per g.-atom of carbon; maximum 0-10%). 

(vi) A solution of p-arabonic acid in water (10 ml.), obtained by treatment of potassium 
p-arabonate (0-517 g.) with Amberlite IR-120 [H*], was added to a solution of the self-decom- 
position product (8-33 uc) in water (10 ml.). The solution was allowed to equilibrate for 24 hr. 
p-Arabonolactone was separated by paper chromatography in solvent (a). Potassium 
p-arabonate was obtained after neutralisation with aqueous potassium hydroxide and crystal- 
lisation from aqueous ethanol. It was recrystallised from aqueous ethanol until three 
consecutive samples possessed constant specific radioactivity (0-45 wc per g.-atom of carbon; 
007%; m. p. 219°, decomp.). 

(vii) Oxalic acid (0-5 g.) was dissolved in an aliquot part of the self-decomposition product 
(4-75 uc) in boiling water (0-5 ml.), and crystallised by cooling. After 6 recrystallisations its 
specific radioactivity (0-002 uc per g.-atom of carbon; maximum 0-0005%; m. p. 99°) was 
below the limit of accurate determination. 

(viii) p-Arabinose (0-544 g.) was dissolved in an aliquot part of the self-decomposition 
product (19-16 yc) in water (10 ml.) and isolated by chromatography on Whatman paper No. 3 
in solvent (a). The eluate was freeze-dried, and the solid crystallised by dissolving it in boiling 
methanol (4 ml.) and adding propan-2-ol (10 ml.). It was recrystallised until three consecutive 
samples possessed constant specific radioactivity (4:58 pc per g.-atom of carbon; 0-43%; 
m. p. 159°). 
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(ix) pD-Mannitol (1-974 g.) was dissolved in an aliquot part of the self-decomposition product 
(4-75 wc) in boiling 90% methanol (40 ml.), and crystallised by cooling. Six recrystallisations 
yielded non-radioactive D-mannitol (m. p. 166°). 

Examination of Polymeric Component of the Self-decomposition Products from D-[*C]Glucose.- 
This component, remaining immobile during paper chromatography (Fraction 1, Table 2), was 
eluted with boiling water. Sulphuric acid was added to portions of the eluate to obtain 
0-05N- and 0-5n-sulphuric acid, severally. The solutions were kept at 100° for 2-5 hr., 
neutralised with barium carbonate, and concentrated. No radioactivity could be detected in 
the concentrates. 

Analysis of Products of Oxidation of D-Glucose by Fenton’s Reagent.—(i) Chromatography. 
Hydrogen peroxide (20-vol.) (10 x 0-32 ml.) was added to a solution of ferrous sulphate hepta- 
hydrate (30 mg.) and p-glucose (1 g.) in water (10 ml.). After each addition, time was allowed 


Self-decomposition products of p-[!4C]glucose. 





N 
‘w 
(@) 
oO 
Oo 
a 
! 
@ 


Electrophoresis in borate buffer 
wv 
 Y 
o 
rs 
uw > 
ae 
@ 
' 
m 


-D 


O 
Q ce il- fd) Ole2-c 
avA 79 £6? owe 
oR 9-4 Ora 
eB OO Oo Ol2-8 
i) 
6-A 7-A 1O-A 


ap Dp 8 -A 12-A 
I-A 5-A 


N 
: 
(4) 
ie 
ray 











Chromatography in butonol-ethanol-water 





for the deep yellow colour to disappear or fade to a light yellow. Paper chromatography 
{solvent (b)] of the solution in admixture with the self-decomposition products from p-[*C]- 
glucose, exposure to X-ray film, and spraying with acetone-silver nitrate—alcoholic sodium 
hydroxide revealed 8 coloured spots, 6 of which had Rgjucose Values similar to those of 6 of the 7 
components present in the self-decomposition product, as shown in Table 4. 


TABLE 4. Comparison of self-decomposition products of D-[!*C]glucose with products 
from v-glucose and Fenton’s reagent. 


Fraction 1 2 3 4 5 6 7 8 
: t Fenton’s reagent ...... 0 0-60 0-77 1:00 1-20 1:37 157 1-70 
Rgracos in solvent (b) far weed no Rr 0 070 0-78 100 1:22 137 156 — 


Paper chromatography of the oxidation product in solvent (a), elution of the components 
with Rgjucose 1-00, and chromatography of the eluate in solvent (c) revealed the presence of a 
component with Ry 0-25, identical with that of p-glucosone. 

In the five following experiments, the same conditions were used but the weight of salt and 
the volume of the portion of peroxide were varied on a scale noted in parentheses. 
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(ii) Carrier-dilution analysis of oxidation products from v-[™*C]glucose. The reagents (one- 
tenth scale) were used with freshly purified p-[2*C]glucose (ca. 100 mg., 1165 or 1229 wc per g.- 
atom of carbon) in water (1 ml.), as described above. A carrier compound was dissolved in 
each solution and allowed to equilibrate for 24 hr. pD-Glucose, potassium pD-gluconate, 
p-mannitol, and oxalic acid were isolated and recrystallised as described for the carrier-dilution 
analysis of the self-decomposition product. Potassium 2-keto-p-gluconate, potassium 
p-arabonate, and D-arabinose were separated by paper chromatography on Whatman paper 
No. 3 in solvent (a) and then purified as described for the carrier-dilution analysis of the self- 
decomposition product. The details of the analysis are shown in Table 5. 


TABLE 5. Carrier-dilution analysis of products from pure D-[!4C] glucose and Fenton's 


reagent. 
S. Si 
Carrier compound We (uc per g.- W. (uc per g.- Yield 
(mg.) atom of C) (g.) atom of C) (%) 

ROI cedcnsesindi dn castevacees 100 1229 3-988 12-24 40-12 
FE DGPRCOMBED. ocedicscdssccccccesee 100 1229 0-980 17-25 11-68 * 
K 2-keto-p-gluconate ............ 98-7 1165 0-503 6-29 2-32 * 
IIS — ncddsapsecsassthsosavase 96-9 1165 0-500 1-10 0-49 
IEE” aivccvdnccnscondeusess 99-0 1165 0-502 3-13 1-11° 
BREE errr 100 1229 0-500 2-51 1-02 
Ee re Oe ney See Te 100 1229 2-000 0 0 


We = Weight of v-{!*C]glucose oxidised. S, = Specific radioactivity of p-[C]glucose. W, = 
Weight of carrier added. S; = Specific radioactivity of isolated sample. * Calc. for free acid. — 


(iii) Osones. ‘The reagents (original scale) were used with D-glucose (1 g.) in water (10 ml.). 
Acids were removed by treatment with barium carbonate (2 g.). Acetone (50 ml.) was added, 
and the precipitate centrifuged off. The acetone was distilled off, and the solution concen- 
trated toca. 4 ml. Addition of phenylhydrazine (2 g.) in glacial acetic acid (1-5 ml.) and water 
(15 ml.) produced an immediate precipitate. This was filtered off after 10 min. and dried 
in vacuo over P,O; (0-25 g.; 12-6%, calculated as p-glucosone). The recrystallised p-glucosazone 
had m. p. 204°, {a),2”7 —77°.17 p-Glucose, treated with phenylhydrazine for 10 min. at room 
temperature, did not give a precipitate. 

(iv) Formaldehyde. The reagents (10-fold scale) were used with D-glucose (10 g.) in water 
(100 ml.). The mixture was steam-distilled, and formaldehyde determined with chromotropic 
acid (2-3 mg.; 0-02%). 

(v) Carbon dioxide. The reagents [scale as in (i)] were used with D-glucose (971 mg.) in 
carbon dioxide-free water (10 ml.}. The solution was warmed to 40° for 30 min. The carbon 
dioxide evolved was isolated as barium carbonate (32 mg., 0-49%). 

(vi) Iron complex of oxidation product. The reagents (20-fold scale) were used with 
D-glucose (20 g.) in water (200 ml.). Addition of acetone (1-2 1.) produced a precipitate (40 mg.) 
(Found: Fe, 17-9%). 


The authors are indebted to Professor F. H. Stodola for a generous gift of a reference 
compound, to Dr. R. J. Bayly for helpful discussions, and to the Department of Scientific and 
Industrial Research, the Royal Society, and the Central Research Funds Committee of the 
University of London for financial assistance. 
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994. T'he Properties of Meisenheimer Addition Complexes. 
By L. K. DYALL. 


The infrared spectra of seven Meisenheimer addition complexes are 
reported and interpreted in terms of a fully covalent structure. The 
significance of these complexes in activated aromatic nucleophilic substitu- 
tion is discussed. It is confirmed that the compositions of the mixtures of 
products obtained on treating Meisenheimer addition complexes with acid 
are determined by the relative anionic stabilities of the displaced groups. 


THE most widely accepted mechanism of aromatic nucleophilic substitution can be 
represented as follows: 1 


= ¥ Y 
ae a 
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(1) 


The observed mobility orders for displacement of halogen from activated aromatic 
substrates, some of which suggested 57 a mechanism analogous to S,2 displacement at 
saturated carbon atoms, can be accounted for by assuming suitable relative magnitudes 
of k,, Ry, and k,.**%*® Bunnett and Zahler! favour a fully covalent structure for the 
intermediate (I), with sf*-hybridization at the seat of substitution; the transition state 
is assumed to approximate closely to this structure. Some support for this mechanism 
was adduced by Brower: experiments at high pressures showed that the transition 
states for activated nucleophilic substitution of bromonaphthalenes and bromoquinolines ™ 
with methoxide ion or piperidine closely resemble the structure (I), and for both nucleo- 
philes the transition states have similar locations on the reaction co-ordinate. Other 
evidence for the intermediate-complex mechanism has been summarized by Bunnett.? 
The mechanism has however been criticized. Fierens and Halleux, and Chapman and 
his co-workers »1% state that the transition state is not a constant, completely localized 
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structure, but rather that it involves a change in hybridization at the attacked carbon atom 
towards sp*, the degree of hybridization depending on both the nucleophile and the 


Bunnett and Zahler, Chem. Rev., 1951, 49, 273. 

Bunnett, Quart. Rev., 1958, 12, 1. 

Berliner, Quinn, and Monack, J. Amer. Chem. Soc., 1950, 72, 5305. 
Berliner and Monack, J. Amer. Chem. Soc., 1952, 74, 1574. 
Chapman and Russell-Hill, J., 1956, 1563. 

Fierens et al., Bull. Soc. chim. belges, 1955, 64, 696, 704, 709, 717. 
Hammond and Parks, J. Amer. Chem. Soc., 1955, 77, 340. 

Bunnett and Randall, J. Amer. Chem. Soc., 1958, 80, 6020. 
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substrate. A similar criticism was raised by Hammond, Parks, and Hawthorne,“ who 
showed that the transfer of charge from benzoate ions to the substrate (1-chloro-2,4-di- 
nitrobenzene) has made very little progress in the transition state. Other workers think 
that expression (I) is one extreme of an intermediate with a hybrid structure.116 

These criticisms concern the proximity of the transition-state structure to that of the 
intermediate (I), and do not necessarily question the structure of the intermediate. The 
present paper concerns the structure of the intermediate. The intermediate-complex 
mechanism depends for much of its plausibility on the isolation of intermediates from the 
reactions of alkoxides with picryl ethers. The Meisenheimer addition complex (II) can be 
prepared by either of the routes shown. 

The identity of samples of the product (II) prepared by the two different reaction paths 
has been proved by the equivalence of the ultraviolet spectra!” and of the infrared 
spectra ® and by the composition of the mixtures of picryl ethers produced on treatment 
of the complex with acid.*®.21_ This has generally been accepted as proof that compound 
(II) has a fully covalent structure, but the proof is not unequivocal. The complex (II) may 
be of the charge-transfer type, and reaction (1) could then be written as follows: 


PicOR + OR’ === (PicOR,OR’) ——™ (PicCOR’,OR) === OR + PicOR’ 
(III) (IV) 


If one of the charge-transfer complexes (III) and (IV) is appreciably more stable than the 
other, then only one complex would be isolated. The réle of charge-transfer complexes 
in aromatic nucleophilic substitution is not yet known. Although charge-transfer complex 
formation has been reported *%*5.%4 in reaction mixtures involving nucleophilic substitution, 
it is not clear whether the steps of complex formation and substitution are competing or 
successive. 

The present paper reports the infrared spectra of seven Meisenheimer addition com- 
plexes and interprets them in terms of possible structures. The compositions of the 
mixtures of picryl ethers produced by treatment of the complexes with dilute sulphuric 
acid are determined and discussed in terms of ease of anion loss from the intermediate (IT). 


EXPERIMENTAL 


M. p.s are corrected. Analyses are by the C.S.I.R.O. and University of Melbourne Micro- 
analytical Laboratory. 

Purification of Alcohols.—Methanol was distilled from phosphoric acid, and the distillate was 
dried by refluxing it with iodine and magnesium turnings. The anhydrous alcohol was then 
fractionated (b. p. 65-1°/764 mm.) from 2,4,6-trinitrobenzoic acid; it had m,*° 1-3281. Ethanol 
was purified by treatment with freshly ignited quicklime, followed by further drying with 
iodine and magnesium turnings and distillation; it had ,*° 1-3615. Benzyl alcohol was shaken 
with solid potassium hydroxide and then distilled at reduced pressure; the distillate was heated 
for 6 hr. with quicklime on a water-bath, filtered, and redistilled (b. p. 45°/0-4 mm.; n,,*° 1-5397). 
Propan-2-ol was shaken with sodium hydroxide,” distilled from anhydrous potassium carbonate, 
and fractionated, then having b. p. 82-5°/762 mm., n,,° 1-3773. 

Preparation of Picryl Ethers.—Phenyl picryl ether was prepared in 77%, yield by treating 


Hammond, Parks, and Hawthorne, J. Amer. Chem. Soc., 1955, '77, 2903. 
1 Chapman and Parker, /., 1951, 3301. 

16 Bevan, J., 1951, 2340. 

1” Foster, Nature, 1955, 176, 746. 

#8 Foster and Hammick, J., 1954, 2153. 

19 Meisenheimer, Annalen, 1902, 323, 205. 

* Farmer, J., 1959, 3425. . 

*t Earle and Jackson, Amer. Chem. J., 1903, 29, 89. 

*2 Kuntz and Ross, ]. Amer. Chem. Soc., 1954, 76, 3000. 

*3 Ainscough and Caldin, J., 1956, 2528. 


* Kosower, J. Amer. Chem. Soc., 1956, 78, 3497. 
2 


Gilson, J. Amer. Chem. Soc., 1932, 54, 1445. 
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picryl chloride (12-2 mmoles) in methanol (20 ml.) dropwise (10 min.) with sodium phenoxide 
(12-2 mmoles) in methanol (10 ml.) at 0°. After 30 min. at room temperature, the mixture was 
diluted with water and the solid product was collected. Phenyl picryl ether crystallized from 
benzene-light petroleum as very pale yellow prisms, m. p. 156-0—156-5° (lit., 153°) (Found: 
C, 47-0; H, 2-5; N, 13-7. Calc. for C,,H,N,O,: C, 47-2; H, 2:3; N, 13-7%). Benzyl, ethyl, 
and methyl picryl ether were prepared by treatment of picryl chloride with the appropriate 
sodium alkoxide, in solution in the corresponding alcohol, and each ether was crystallized from 
its parent alcohol to constant m. p. and analytical purity. An attempted preparation of iso. 
propyl picryl ether by this method led to tars, and 17% of the picryl chloride was recovered; 
substitution of acetone for the propan-2-ol used as solvent similarly resulted in reduction, and 
no starting material was recovered. Isopropyl picryl ether (m. p. 94—95°; lit., 95°) was 
prepared in 45% yield from isopropyl iodide and silver picrate ** (Found: C, 40-1; H, 3-6; N, 
15-3. Calc. for C,H,N,O,: C, 39-9; H, 3-35; N, 15-5%). 

Preparation of Addition Compounds.—The general method is described for the preparation of 
potassium methyl l-ethoxypicrate. A solution of potassium ethoxide (0-79 mmole in 10 ml. of 
ethanol) was added dropwise during 10 min., with shaking, to methyl picryl ether (0-82 mmole) 
in ethanol (10 ml.) at 0°. The apparatus and solutions were protected by quicklime drying- 
tubes. After 15 min. at 0°, the mixture was diluted with dry benzene (20 ml.) to assist precipit- 
ation of the red crystalline product. The crystals were collected on a sintered-glass filter 
inserted into a side-arm of the reaction flask, and were washed with dry ether (3 x 20 ml.; 
introduced into the flask through a dropping funnel) before drying im vacuo over phosphorus 
pentoxide at room temperature. 

Potassium methyl 1-methoxypicrate was prepared in 74% yield (Found: N, 12-2; K, 11-5 
Calc. for C,H,N,O,K,CH,OH: N, 12-2; K, 113%). The infrared spectrum of a sample 
mulled in Florube oil showed a strong band at 3567 cm.!, and a broad, weaker band at 
3384 cm.. Heating the sample at 78° in vacuo for 3 hr. did not remove the methanol of 
crystallization (Found: N, 12-0; K, 11-1%). The infrared spectrum still revealed hydroxyl 
bands. A sample was dissolved in acetone, reprecipitated by addition of benzene, washed with 
ether, and dried in vacuo at 20°. The infrared spectrum still showed methanol of crystallization 
(Found: N, 120%). Acetone of crystallization (Calc.: N, 11-8%) was absent since there was 
no carbony] band in the infrared spectrum. 

Potassium ethyl 1-ethoxypicrate, prepared in 85%, yield, was dried in vacuo at 20° (Found: 
C, 35-5; H, 3-8; K, 11-5. Calc. for C,,H,,.N,O,K: C, 35-2; H, 3-55; K,11-5%). The infrared 
spectrum did not reveal alcohol of crystallization. 

An attempted preparation of potassium methyl l-phenoxypicrate, from phenyl] picry] ether, 
yielded only potassium methyl 1l-methoxypicrate (50%), identified by analysis (Found: K, 
11-4%) and the infrared spectrum. Similarly, potassium ethoxide with phenyl picry] ether 
yielded potassium ethyl 1l-ethoxypicrate (42%) which was also identified by analysis (Found: 
K, 11-4%) and the infrared spectrum. 

Alcoholysis of Phenyl Picryl Ether —Pheny]l picryl ether (0-104 g.) was boiled for 90 min. 
with absolute methanol. The solvent was distilled off under reduced pressure to leave an oily 
crystalline residue (0-104 g.). Infrared analysis revealed 31 mole % of methyl picryl ether. 
A similar experiment with phenyl picryl ether and ethanol led to a 45% yield of ethyl picryl 
ether. The reaction in methanol was repeated in an alkali-etched flask, yielding 49% of methyl 
picryl ether. In each case, the infrared spectrum of the mixture showed that the remainder of 
the product was entirely phenyl picryl ether. 

Analyses.—Samples of potassium methyl l-methoxypicrate exploded violently during 
analysis for carbon and hydrogen. The explosion was slightly modified by mixing the sample 
with cupric oxide and omitting potassium dichromate, but reproducible analyses were not 
obtained. There was no explosion when potassium ethyl l-ethoxypicrate was analysed for 
carbon and hydrogen in the presence of cupric oxide, but violent explosions occurred when 
potassium dichromate was added. 

Infrared Spectra of Meisenheimer Complexes.—The infrared spectra of the complexes (0-5 mg. 
samples) were examined in potassium chloride discs. It was shown for potassium methyl 
1-methoxy- and l-ethoxy-picrate and for potassium ethyl l-ethoxypicrate that the spectra of 
samples pressed in discs were identical with those of samples mulled in Nujol oil. The 3800— 
2700 cm. region was scanned with a Perkin-Elmer model 112 sing!e-beam, double-pass 

* Massey and Philbrook, J. Amer. Chem. Soc., 1951, 78, 3454. 
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TABLE 1. Infrared spectra of Meisenheimer complexes. 


Complex Frequencies (cm.-') and intensities of observed bands 

OR,OR’ in (II) (vs = very strong, s = strong, m = medium, w = weak, vw = very weak) 
3090vw 1613s 1538m 1513s 1490s 1451m 

OEt,O°CH,Ph ... 3090w 1603vs 1547m 15livs 148lvs 1449m 
OEt,OPr! 3089vw 1605s 1546m 1513vs 1484vs 1451lm 
OEt,OMe 3090vw 1612s 1548m 1513s 1492s 1446m 
OMe,O°CH,Ph ... 3085m 1608s 1550m 1517s 1487s 1450m 
OMe,OPr' 3098vw 1600s 1534m 15llvs 1493s 1453m 
OMe,OMe 3090vw 1608s 153lm 1513s 1493s 1449w 


a 1541s 1511*w 1486m 1453w 


Cf. Pic-OMe 3092m 
OEt,OEt 1408m 1377s 1332w 1297s 1253vs 1221vs 
OEt,O‘CH,Ph ... 1404vs 1374vs 1337w 1297s 1258vs 1220vs 
OEt,OPr' 1406s 1376s 1332w 1299vs 1258vs 1208vs 
OEt,OMe 1409s 1374s 1345w 1299vs 1249vs 1222vs 
OMe,O-CH,Ph ... 1408s 1373s 1332w 1295s 1239vs 1206vs 
OMe,OPr' 1399m 1372m 1333w 1299s 1255vs 1209vs 
OMe,OMe 1404m 1379m 1333m 1297s 1238vs 1206vs 
Cf. Pic‘OMe 1412m 1383*w — 1299*w 1267m 1192m 
REARS 9000...00005 1152s 1122m 1091w 1053vs 1050*s 101llm 
OEt,O-CH,Ph ...{ }]o3™ 1125w 1089w 1053vs 1049vs oe 
OEt,OPr! 1163s 1122m 1085w 1057vs 1049vs 103lvs 
OEt,OMe 1157vs 1125m 1097m 1056s 1049s 1010m 
pete 
OMe,O-CH,Ph ...{ }178*s 1124m 1076s 1058vs 1045vs eens 
OMe,OPr' 1160*m 1122m L083w 1062vs 1053s 1020s 
OMe,OMe 1161s 1124m 1096vw 1063s 1045s 1012w 
Cf. Pic.OMe 1163w 1124w 1087m _- — —_— 


Se 933w 907m 813w 769w 750m 713w 694m 
OEt,O°CH,Ph ... 935m 907vs 8liw 769w 746vs 714m 694m 
OEt,OPri 934w 907s 818vw T71w 752m 713vw 696m 
OEt,OMe 935m 908s 8l4w 762w 748s Tl4w 693m 
OMe,O-CH,Ph ... 932w 907s 818w 763w 742s 707s 690m 
OMe,OPr! 908m 815m aoe 746m 713Vvw 694m 
OMe,OMe 928w 908s 8l4w 763w 747m Tl4w 694m 


Cf. PictOMe g 914m 826w 78lm 743s 718s 679m 
* Shoulder on neighbouring strong band. 


Additional bands 
OEt,OEt: 2972vw, 2907w, 287lvw, 1344vw, 942w, 87lvw, 794vw, 73l vw, 715*w 
OEt,O°CH,Ph: 2980w, 2873vw, 1393*s, 1136w, 945*w, 846m, 807*vw, 79lvw, 778w, 757*m, 704s 
OEt,OPr': 3053w, 2968m, 2874vw, llllm, 97lvw 
OEt,OMe: 2984w, 2958m, 2908w, 286lw, 1529*m, 1464vw, 1435w, 94lw, 805vw, T72vw, T57vw 
OMe,O-CH,Ph: 3025w, 2960*w, 2928m, 2873w, 1467*m, 1439*w, 992w, 969vw, 939* vw, 848w, 803*w, 

775w, 751*m, 679*m 

OMe,OPr': 3069vw, 2960w, 2778vw, 1553*w, 1437w, 1383* vw, 1342w, 953vw, S46vw 
OMe,OMe: 3012vw, 2950w, 2849vw, 1437w, 970w, 943w, 792vw, 686m 


TABLE 2. Infrared analysis of synthetic mixtures of picryl ethers, Pic‘COR and Pic-OR’. 


Key band Average Key band Average 
(cm,~) deviation (°%) : (cm.~*) deviation (°, 
982 18 : 1006 1-7 
6 ‘ 1157 
982 1-3 862 0-8 
982 0-6 943 0-6 
982 0-8 942 O-4 
. fF «NTS 
1006 0-5 OPh see 24 
1006 0-6 O-CH,Ph 
1006 0-1 1s79 


ro 1-0 
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spectrometer (calcium fluoride prism), and the 1800—670 cm.} region with a Perkin-Elmer 
Infracord spectrometer (sodium chloride prism). The spectrum of potassium methyl! 1-meth- 
oxypicrate was also examined in 0-096m-acetone solution in a 0-1 mm. cell, the model 112 
spectrometer and calcium fluoride prism being used. Frequencies (cm.“!) and apparent molar 
extinction coefficients were 1604 (680), 1552sh (270), 1542sh (320), 1520 (690), 1493 (605), 
1313sh (260), and 1298 (405). 

For results see Table 1. 

Infrared Analysis of Picryl Ether Mixtures.—The infrared spectra of the picryl ethers, in 
chloroform solution, were recorded with the model 112 spectrometer, with a sodium chloride 
prism. The spectra of the picryl ethers, and of other picryl compounds, will be reported else- 
where. The key band, or bands, for each picryl ether were examined in a 0-1 mm. cell at 0:15, 
0-08, and 0-05m-concentrations. Beer’s absorption law was obeyed, the variation between 
the apparent extinction coefficients measured at these three concentrations not exceeding 6-0%, 
Duplicate determinations on the same solution showed similar variations. Two synthetic 


TABLE 3. Meitsenheimer addition compounds and the products of acid decomposition. 
Acid decomp. product 





Picryl Run Yield K(%) — Composition, Average 
ether KOR Solvent no. (%) found calc. mole (%) composition 
i , 67-3 OEt . 
OMe KOEt EtOH 1 vl 26'S oe } 65-8 OEt 
642 OEt 
2 51 58 Cite ft 848 OMe 
om : , . 66-4 OEt : 
OEt KOMe MeOH 1 @ 08 060 oe 3 { 65-0 OFt 
63-5 OEt 
2 4M 365 OMe } | 350 OMe 
: 42:0 OMe 
OMe KO-CH,Ph PhCHyOH 1 51 86 ‘794 53) O-CH,Ph} 43-7 OMe 
45-4 OMe . 
2 «36 i O-CH,Ph3 56-4 O-CH,Ph 
, : 43-3 OMe 
O-CH,Ph KOMe MeOH 1 2% «8695 = O87t FED O.CHPh 43-4 OMe 
43-5 OMe 
2 29 56-5 O-CH,Ph) | 566 O-CH,Ph 
hoo 341 OEt 
O-CH,Ph § KOEt EtOH 1 50 +H O-CH,Ph} stk 
git ae 348 OE} . 
s 653 O-CH,PhS ) go) oH Ph 
f 7 360 OEt } . 2 
3 4% 84 87 0 ~(OCH,Ph 
: é 5, 295 OMe . 
OPr'g KOMe MeOH Bice We MO), 08 BRE ee { 28-9 OMe 
28-2 OMe 
2: 6&8 6 ie eS 
9 369 OEt , } 
OPr'§ KOEt EtOH » @ 06 0 3 oe OS { 36-8 OEFt 
36-8 OEt 
2 (BS as Gee pA 88. OP 


* Calc. for 2 moles of methanol of crystallization. The infrared spectrum showed medium- 
strength bands at 3570 and 3450 cm."!. 

¢ Calc. for 1 mole of benzyl alcohol of crystallization. The infrared spectrum revealed a weak 
bonded hydroxyl band at 3560 cm.-. 

t Calc. for 1 mole of methanol of crystallization. The infrared spectrum showed a weak bonded 
hydroxyl band near 3560 cm.". 

§ These addition complexes have not previously been reported. 


mixtures of each pair of picryl ethers (A and B) were analyzed, one mixture having a con- 
centration ratio of 2A: B and the other A: 2B. Corrections were applied for overlap of the 
key band for one component by bands in the spectrum of the other. Overlap accounted for up 
to 25% of the total absorption at the key bands for isopropyl picryl ether in its mixtures with 
methyl and ethyl picryl ethers, but for less than 5% in the other ether mixtures. There was 
no suitable key band for estimation of benzyl picryl ether in the presence of ethyl picry] ether; 
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the benzyl ether was therefore determined by difference. Key bands, and average deviations 
from the known composition of synthetic mixtures, are shown in Table 2. Where more than 
one key band per component is used, the deviation quoted is that for the average of the 
calculated values. 

Acid Decomposition of Complexes.—The addition complex (60—100 mg.) was shaken with 
benzene (20 ml.) and 0-1N-aqueous sulphuric acid (20 ml.); the red colour was immediately 
destroyed. The acid layer was extracted with more benzene (20 ml.). The combined benzene 
extracts were washed with water (20 ml.) and dried (Na,SO,). The benzene was distilled off 
and the last traces of solvent were removed at 20 mm. Benzyl alcohol, when present, was 
removed at 150°/20 mm. (oil-bath). The picryl ether residue was dissolved in a pipetted volume 
of spectroscopic-grade chloroform such that the concentration of each picryl ether was in the 
range 0-05—0-10 mole 1.1. The infrared spectrum was then compared with that of a synthetic 
picryl ether mixture to check the absence of other components. The mixture of unknown 
composition was then divided into two portions, each of which was subjected to quantitative 
infrared analysis. The compositions listed for each acid decomposition in Table 3 are the 
averages of the two sets of values obtained. 


DISCUSSION 


Preparation of the Addition Complexes.—The complexes were prepared in anhydrous 
alcohol to avoid the hydrolysis known to occur in water.™2?_ The solutions were dilute to 
avoid forming complexes with more than one mole of base.*427 The addition complexes 
were moderately soluble in these solvents, even after addition of benzene, so that the 
yields of isolated product were often low. Potassium methyl 1-benzyloxypicrate crystal- 
lized only when kept at 0° for at least 30 min., which may explain the failure of Earle 
and Jackson *! to add sodium benzyl oxide to methyl picryl ether. We could not isolate a 
product from the reaction of potassium benzyl oxide with ethyl picryl ether in benzyl 
alcohol solution; the product was colloidal, and attempts to isolate a crystalline complex 
were not successful. 

The phenoxy-group was lost from phenyl picryl ether on treatment with alcoholic 
alkali, and on treatment with boiling methanol or ethanol. Farmer * also observed the 
displacement of the phenoxy-group in alkaline alcoholic solutions, but reported no displace- 
ment by boiling methanol or ethanol. This discrepancy can probably be attributed to 
traces of alkali from the glass flask. Repetition of the experiment in a flask which had 
previously been etched with alkali and then washed, first with acid and then with distilled 
water, led to an increased proportion of replacement of the phenoxy-group in methanol 
solution. Brady and Horton * have reported slight replacement of methoxy by ethoxy 
when methyl picryl ether is crystallized from ethanol, and a similar replacement when 
ethyl picryl ether is crystallized from methanol. 

Several of the Meisenheimer addition complexes were isolated with methanol or benzyl 
alcohol of crystallization. Although Farmer” was able to remove the methanol of 
crystallization from potassium methyl 1-methoxypicrate at 75°, we were unable to achieve 
this in vacuo at 78°. The methanol of crystallization in this complex is unusual in that 
two bonded hydroxyl bands appear in the infrared spectrum, at 3567 and 3384 cm.7, 
although potassium analyses on three separate preparations indicated only one molecule 
of methanol. 

Infrared Spectra and Structure of the Meisenheimer Complexes.—The complexes are 
believed to have the fully covalent structure (II), but a charge-transfer complex structure 
is also possible. In the latter case, the infrared spectra should, by analogy with those of 


*? Gazzolo and Jackson, Amer. Chem. J., 1900, 23, 376. 
** Farmer, J., 1959, 3430. 
* Brady and Horton, /J., 1925, 2230. 
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known charge-transfer complexes,® closely resemble those of the parent picryl ethers, with, 
of course, the addition of the internal vibration frequencies of the added alkoxy-group, 
No additional bands would be expected in the region of the infrared examined here since 
no sufficiently strong bonds would be produced when the charge-transfer complex was 
formed. 

The outstanding feature of the spectra of the complexes (Table 1) is the series of 5— 
6 bands of strong to very strong intensity between 1225 and 1040 cm.", as well as a weaker 
band near 1090 cm.*. The picryl ethers show 5—8 bands in this region but, except for 
medium-intensity bands near 1192 and 1085 cm.+, these are quite weak. The covalent 
structure (II) is expected to show the characteristic strong bands of a ketal * at 1190— 
1158, 1143—1124, 1098—1063, and 1058—1038 cm.'. The complexes show bands at 
1222—1206vs, 1163—1152ms, 1125—1122ms, 1097—1076m, 1063—1053vs, and 1053~— 
1045s—vs, and four of these six strong bands do not appear in the spectra of the parent 
picryl ethers. The correspondence with the ketal bands clearly indicates that the 
complexes do have the fully covalent structure (II), and the appearance of these strong 
bands eliminates the possibility of a charge-transfer structure. Since the cyclopenta- 
dienyl anion includes a long conjugated system, it is likely that the bands at 1163—1152 
and 1063—1053 cm. correspond to the out-of-phase and in-phase, in-plane, C-H deform- 
ations of the parent picryl compounds. Similarly, the out-of-plane C-H deformations 
appear near 910 and 750 cm.*. The ring stretching frequency near 1600 cm.*, which is 
double in the picryl ether spectra, is not resolved in the spectra of the complexes. The 
3090 cm. C-H stretching band is extremely weak in the complexes, and thus could not 
be detected by Foster and Hammick #* in the presence of Nujol oil The remaining regions 
of the spectra of the complexes are similar to those of the picryl ethers. Nearly all the 
other bands can be assigned to vibrations of the — groups and, when present, to the 
alcohol of crystallization. 

The transfer of negative charge to the ring which would accompany formation of either 
a charge-transfer complex or the Meisenheimer structure (II) will lead to a decreased N-O 
bond order of the nitro-groups, and thus to lowering of the asymmetric and symmetric 
N-O stretching frequencies.** As expected, the strong asymmetric N-O stretching band 
at 1552 cm. in the picryl compounds does not appear in the spectra of the complexes, 
which show a new band at either 1513 or 1489 cm.*. Although Foster and Hammick ® 
assigned the lower band to the nitro-groups in potassium methyl l-ethoxypicrate, it is not 
clear which of these two bands is a ring vibration. The medium-intensity band near 
1536 cm.~! in the picryl ethers is still present in the complexes, and is believed to be due to 
ring C-C stretching. The 1347 cm.! symmetric N-O stretching band of the picry] ethers 
is missing from the complexes. Potassium picrate has strong bands at 1332 and 1223 cm.7, 
but the complexes show only weak bands here. The transfer of negative charge to the 
nitro-groups is more complete in the complexes than in the picrate ion, and, in agreement 
with Foster and Hammick, the strong band near 1300 cm. can be assigned to the nitro- 
group. 

Significance of the Meisenheimer Complexes._-The formation of the Meisenheimer com- 
plexes (Introduction, reaction 1) indicates that they are intermediates in activated 
nucleophilic substitutions. The kinetic objections to the covalent structure appear to be 
due to the fact that the structure of the transition state does not always approximate to 
that of the intermediate. However, the Meisenheimer complexes are characteristically 
intensely coloured, and it is significant that Chapman and Rees * observed no colour 
during the reaction of amines with halogenopyrimidines. It is possible that some activated 
aromatic nucleophilic substitutions do proceed through intermediates of the charge- 
transfer type. Although evidence for “ built-in solvation ”’ and base-catalysis has been 

* Friedel, J. Phys. Chem., 1958, 62, 1341. 


* Bergmann and Pinchas, Rec. Trav. chim., 1952, 71, 161. 
* Kross and Fassel, J. Amer. Chem. Soc., 19566, 78, 4225. 
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claimed ®8 to support fully covalent intermediates, it does not discriminate against charge- 
transfer structures. 

Acid Decomposition of Meisenheimer Complexes.—Addition of acids to the Meisenheimer 
complexes causes decomposition into both possible picryl ethers. If it is assumed that the 
action of the acid consists of irreversible removal of the anions produced by dissociation of 
the complex, then the proportions of the two picryl ethers will depend on the relative 
magnitudes of &, and k., (reaction 1). The production of an anion by dissociation of 
the complex is stated by Bunnett and Zahler! to depend upon the stability of the anion. 
Acid-decompositions have been reported of Meisenheimer complexes prepared by addition 
of alkoxide ions to picramides,* 1,3,5-trinitrobenzene,”?7,*% and to picryl ethers (refs. 
19, 20, 21, and present work), and by addition of amines to trinitrobenzene * and to picryl 
ethers. In all cases, the nucleophile added to trinitrobenzene or picramide was 
quantitatively displaced by acids. The phenoxide ion is also much more readily lost than 
is methoxide or ethoxide (ref. 28 and present work), and methoxide ion is more readily 
lost than other alkoxide ions (refs. 19, 20, and Table 3). The ease of anion separation thus 
decreases in the order PhO- > OMe™ > other alkoxides > amide ions > H~. This order 
confirms the view that the relative stability of the anions produced is the chief factor 
determining dissociation of the complexes. 

Table 3 reports the products formed in a number of acid-decompositions. The greater 
anionic stability of methoxide ion is confirmed. Although the carbon atom at the seat of 
substitution has sp*-hybridization, so that the alkoxy-groups should not interact ap- 
preciably with the adjacent nitro-groups or with each other, steric effects do become 
apparent when bulky alkoxy-groups are present. Thus, while methoxide ion is lost from 
potassium methyl l-ethoxypicrate twice as readily as ethoxide ion, the rates of loss of 
these two anions become more nearly equal when benzyl or isopropyl groups are present; 
presumably steric pressure assists the separation of the larger ethoxide ion. Loss of the 
bulky isopropoxy-group might be expected to be favoured, but there is no evidence for 
this. Possibly the two methyl groups adjacent to the oxygen atom decrease the anionic 
stability, in comparison to other alkoxide ions, by hindering solvation of the ion. 

It is confirmed, by identity of the infrared spectra and of the mixtures of picryl ethers 
produced on treatment with acid, that potassium methyl l-ethoxypicrate and potassium 
methyl 1-benzyloxypicrate can each be prepared from the two possible combinations of 
picryl ether and potassium alkoxide. 


The author is indebted to Monsanto Chemicals (Australia) for a research scholarship. 
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995. Chemistry related to Borazole. Part II. The Reaction of 
Secondary Amines with Boron Trichloride. 


By W. GERRARD, H. R. Hupson, and E. F. Mooney. 


The interaction of diethyl- and diphenyl-amine with boron trichloride 
gives the corresponding tetrachloroborate [R,NH,]*[BCl,]~ and the amino- 
boron dichloride R,NBCl, (R = Et or Ph). Other secondary amines 
(R’,NH where R’ = Me, Pr, Pri, Bu®) afford essentially the 1: 1 complex, 
the structures of which are considered. 


EARLIER workers ? have shown that addition of boron trichloride to secondary aliphatic 
amines results in the stepwise amination of boron with the elimination of hydrogen chloride 
as the dialkylammonium chloride. Trisdialkylaminoborons have recently been prepared 
in this way.® 

It has now been found that the products obtained on addition of the amine to boron 
trichloride depend upon the nature of the substituents. We have stated * that diethyl- 
amine yields diethylammonium tetrachloroborate in about 90% yield in both methylene 
dichloride and benzene, but in n-pentane the yield falls to 50—60%. The other main 
product is diethylaminoboron dichloride; small amounts of the 1:1 complex are also 
formed. Similarly, diphenylamine forms the diphenylammonium tetrachloroborate, but 
in smaller amounts (76% yield), and both the 1:1 complex? and diphenylaminoboron 


2Et,NH + 2BCl, — > [Et,NH,]*[BCI,J- + Et,N-BCl, . .°. . 


dichloride, whereas previously only the 1 : 1 complex Ph,NH,BCI, was ey 5 The direct 
formation of subattinted ammonium tetrachloroborates has been observed with primary 
aliphatic amines * and m-toluidine.* 

The formation of the tetrachloroborate cannot be explained by disproportionation of 
the 1 : 1 complex (2), which is stable. If, however, another molecule of amine reacts with 
the complex, as in (3), then nucleophilic attack of the chloride ion on the boron trichloride 
could result in the formation of the dialkylammonium tetrachloroborate in accord with 
certain observations.”* Halide ions behave as ligands in highly ionising solvents and 


2R,NH,BC!, ——t [R,NH,]*(BCI,J- + R,NBCL . - . . . . . @& 


—HCI 
R,NH,BCIl, ——— R,N°BCI,+[R,NH,J*CI- . . . « . es we se 
by R,NH 


co-ordinate with boron halides to afford tetrachloroborates and mixed halogenochloro- 
borates,® and this would explain the higher yield of diethylammonium tetrachloroborate 
obtained in methylene dichloride or benzene, in which diethylammonium chloride is 
soluble, as compared to the poor yield from n-pentane in which it is insoluble. The 
poorer yields of tetrachloroborates from other secondary amines are difficult to under- 
stand. 

Diethylammonium tetrachloroborate decomposes when heated. At 80° (in boiling 
benzene) 1 mol. of hydrogen chloride is evolved, with formation of the 1:1 complex in 
high yield. The complex contains an NH group, yet, unlike the alkylaminoboron di- 
chlorides, which decompose ! in benzene to afford the tri-B-chlorotri-N-alkylborazole, it 
does not decompose in benzene. In boiling tolune (110°), however, decomposition (40%) 
Part I, Gerrard and Mooney, J., 1960, 4028. 
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occurs, with formation of diethylaminoboron dichloride and hydrogen chloride. This 
behaviour could be explained by the existence of two forms of the 1 : 1 complex, the covalent 
form *1 (I) obtained from the toluene solution being more stable than the ionic form 
(II). Infrared examination of the 1:1 complex obtained from benzene solution shows 
it to be a mixture of covalent and ionic forms, while that obtained from toluene solution 
is of the covalent form (I). 


HCI 
RgN-BCl, —— R,NH,BCI, or [RyNH-BCI,]*CI- 
(R = Me or Et) (I) (I!) 


Triethylamine has been used ” as a dehydrohalogenating agent for the preparation of 
tri-B-chloroborazole derivatives from monoalkylammonium tetrachloroborates; its applic- 
ation to the conversion of diethylammonium tetrachloroborate into diethylaminoboron 
dichloride leads to difficultly separable products. Diethylaminoboron dichloride could not 
be quantitatively recovered even on heating at 90°/0-1 mm., indicating a possible associ- 
ation between the dichloride and the triethylammonium chloride produced. Similarly, 
the separation of diethylaminoboron dichloride and diethylamine—boron trichloride (formed 
as a by-product in the reaction of diethylamine and boron trichloride) proved difficult, 
and again association is indicated. 

Structure of Secondary Amine Complexes——Two forms of the diethylamine-boron tri- 
chloride complex have been identified, but only the covalent form (I; R = Et) has been 
isolated pure, and shows the normal NH stretching band at 3165 cm. and weak NH 
deformation band at 1595 cm.*; in addition, there are three maxima (at 782, 740, 
717 cm.) of the B-Cl stretching modes which form an overall strong absorption band 
commencing at 820 cm.!, which we believe to be diagnostic of the partially tetrahedral 
BCl, group in co-ordination complexes. Di-n-propylamine and di-n-butylamine with 
boron trichloride afford covalent complexes (I; R = Pr® or Bu®) which have similar spectral 
features: NH stretching band at 3165 cm.1, weak NH deformation band at 1575 for 
Pr® and 1585 cm. for Bu", and similar absorption envelopes commencing at 815 cm. 
with maxima at 787, 754, and 725 for Pr®, and 786, 749, and 717 cm. for Bu*. 

Dimethylamine afforded an ionic complex (II; R = Me) with a series of bands at 
2755, 2600, and 2463 cm., which are characteristic of the NH* stretching bands as found 
in tertiary amine hydrochlorides, and a band at 905 cm. which is characteristic of the 
BCl, group.4* The band does not occur at lower frequency, as found in the alkylamino- 
boron dichlorides,! because the nitrogen cannot increase the electron density of the boron 
atom, for the lone-pair of nitrogen is utilised in the formation of the ionic complex. How- 
ever, the second type of complex showed both covalent and ionic NH stretching bands, 
and a similar observation was made for the complex from di-isopropylamine; recrystallis- 
ation did not affect the nature of the complexes. Both showed bands (Me, 893 cm.", 
Pri, 943 cm.-!) which suggested the presence of a BCI, group, and absorption envelopes 
which are characteristic of the tetrahedral tetrachloroborate ion. These facts conform 
with structure (ITI). 

[(RgNH)48C!,}*(BC!,]- [(HyN),BH,)*(8H,)- 
(III) (IV) 


A similar structure has been suggested for the pyridine-boron trichloride complex, 
and there is formal resemblance with the suggested structure of diammonia-diborane (IV). 
Infrared Spectra of Disubstituted Ammonium Tetrachloroborates.—The infrared spectra 
of diethylammonium tetrachloroborate prepared by direct interaction of the amine and 


© Brown and Osthoff, J]. Amer. Chem. Soc., 1952, 74, 2340. 

't Goubeau, Rahtz, and Becher, 7. anorg. Chem., 1954, 275, 161. 
** Gerrard and Mooney, unpublished work. 

'* Dandegaonker, Gerrard, and Lappert, }., 1957, 2872 

“ Greenwood and Wade, /J., 1958, 1663; 1960, 1134. 

’ Parry et al., J. Amer. Chem. Soc., 1958, 80, 1—24. 
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boron trichloride and from diethylammonium chloride and boron trichloride were essentially 
similar; the di-isopropylammonium tetrachloroborate was also prepared from di-iso- 
propylammonium chloride. Both these tetrachloroborates showed similar spectra, an NH 
stretching band (Et, 3155; Pr‘, 3145 cm.) and stretching and deformation bands due 
to the NH,* group were also present (Et, 2762, 2457, 2326, 1567; Pr', 2740, 2469, 2370, 
1575 cm.), and both showed the characteristic absorption envelope commencing at 780 
cm.!; these envelopes show usually two or three absorption maxima (Et, 762, 738, 676; 
Pr', 755, 735, 645 cm.). The diphenylammonium tetrachloroborate does not show a 
distinct NH stretching band, but only a shoulder at 3135 cm. , due to overlap with the 
CH aromatic stretching vibrations; but there are a series of bands at 2667, 2469, 2353, 
and 2309 cm. characteristic of the NH,* stretching frequencies, and a band (1563 cm.>) 
characteristic of the NH,* deformation mode. The BCI, absorption envelope also com- 
mences at 781 cm.!, showing two maxima at 735 and 690 cm.1. 

The NH stretching bands which have been observed in the disubstituted ammonium 
ions (R,NH,*; R = Et, Pr’, Ph) occur at higher frequency than in the corresponding 
disubstituted ammonium chlorides. Similar occurrences of NH stretching bands at higher 
frequency have been observed® in the mono- and tri-methylammonium tetrachloro- 
borates. 

Infrared Spectra of Dialkylaminoboron Dichlorides.—Assignments have previously been 
made for the B-N bond in aminoboron dichlorides (R = Me, 1526 cm.*; R = Et, 1505 
cm.!; R= Ph, 1378 cm.?; refs. 11, 16, and 5 respectively), and the assignments for 
the dichlorides (R = Et, 1499 cm.1; R= Ph, 1383 cm.*) have been confirmed; the 
assignment for the isopropyl compound (1486 cm.) has now been made, which supports 
the expected correlation of increasing B=N character with the increasing electron-releasing 
propensity of the substituent alkyl groups (Me < Et < Pr') and is further supported by 
the considerable double-bonded character of the B-N bond with the B-pheny] substituent. 
The following assignments have also been made for the B-Cl stretching modes: 
R = Et, 888 cm.?; R = Pri, 896 cm.1; R = Ph, 969 cm... 


EXPERIMENTAL 


General Procedures.—Chloride analyses were carried out potentiometrically; except where 
designated Cl*, chlorine was easily hydrolysed. Amine was added dropwise in a solvent to 
the boron trichloride in the same solvent (total volume stated) at — 80°, stirring or shaking 
being maintained. The mixture was filtered at room temperature, the filtrate being evaporated 
under reduced pressure to afford a residue; meanwhile volatile matter was trapped at —80°. 
In the Table, results for the amine—boron trichloride systems are given. 

Decomposition of Diethylammonium Tetrachloroborate-—The compound (8-4 g., 1-0 mol.) was 
heated (46-5 hr.) in boiling benzene (100 ml.), evolution of hydrogen chloride (1-0 mol.) then 
having ceased. An insoluble residue (0-1 g.) was filtered off, and the solution afforded pale 
brown, crystalline diethylamine-boron trichloride (6-1 g., 86% yield) (Found: B, 5-9; Cl, 54-1*; 
N, 7-4. Calc. for CjH,,BCI,N: B, 5-7; Cl, 55-9; N, 7-4%). 

Similarly, the tetrachloroborate (46-4 g., 1-0 mol.) was heated (79 hr.) in toluene under 
reflux, and hydrogen chloride (0-72 mol.) was evolved. On cooling, crystalline diethylamine- 
boron trichloride (9-6 g., 0-25 mol.), m. p. 139° (Found: B, 5-7; Cl, 55-6*; N, 7-4%), was filtered 
off. The filtrate afforded a crystalline residue (15-1 g.) of diethylamine—boron trichloride (0-36 
mol.) and diethylaminoboron dichloride (0-05 mol.) (Found: B, 5-9; Cl, 55-3*; N, 7-7%). 
The residue (11-4 g.) was heated (5 hr.) at 110—120°/1 mm. to afford diethylaminoboron di- 
chloride (4-6 g.) (Found: B, 7-1; Cl, 45-8; N, 8-9%), a crystalline sublimate (0-8 g.) (Found: 
B, 5-9%), and a dark brown residue (4-8 g.) (Found: B, 5-1%). The trap contents (—80°) 
gave toluene and mixtures of toluene and diethylaminoboron dichloride: (i) b. p. 112—113° 
(26-1 g.) (Found: Cl, 29%); (ii) b. p. 113—118° (10-6 g.) (Found: Cl, 5-7%); (iii) b. p. 118— 
144° (7-5 g.) (Found: Cl, 18-5%); (iv) a brown solid residue (1-4 g.) (Found: Cl, 41-7%). 


% Niedenzu and Dawson, J. Amer. Chem. Soc., 1959, 81, 3561. 
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ntially Amine (1 mol.) added to boron trichloride (1 mol.), or (2 mol.) where indicated.t 
di-iso- Precipitate Residue from filtrate 
in NH R,NH Found (%) Found (%) 


1s due Solvent (c.c.) (g.) (g.) Cl N (g.) B Cl 
2370 CH,Cl, (45) 13-0 20-8! 6 67-0* 8 10-6 2 63-1 * 
t 780 CH,Cl, (100) E 343 49-14 4: 62-0 19-35 50-9 * 
at 780 CH, (70)? 20-6 282 4 623 6 6-3 50-8 * 
3, 676; n-C,H,, (100) 323° 32-2 . 62-2 : 24-5 1° 49-0* 
how a CH,Cl, (50) 14:3 4132 4. 55-5* 5: 24-7 13 48-6 * 
CH,Cl, (50) 9-7 ee - — 18-8 15 50-5 * 
th the CH,Cl, (50) 16-9 32-1 42-2 * 


2353 29-1 * 

cm 4 CH,Cl, (60) 23-9 ~ - - 22-0 34-4 

7) n-C,Hy (100) 650 695 26 462 96 39:5 31-4 

) COm- 1 A white crystalline mixture of dimethylamine-—boron trichloride (1 : 1) complex (13-0 g.) and 
dimethylammonium tetrachloroborate (7-8 g.); recrystallisation from the same solvent gave the 
onium 1: 1 complex (8-2 g.) (Found: B, 6-5; Cl, 64-9; N, 8-5. Calc. for C,H,BCI,N: B, 6-7; Cl, 65-6*; 
N, 8-6%) which showed both covalent NH and ionic NH*+ bands. *# Thel:1lcomplex. * Condensate 
nding (—80°) of Me,N-BCl, (1-15 g.) (Found: Cl, 56-3. Calc. for C,H,BCI,N: Cl, 564%). * Diethyl- 
higher ammonium tetrachloroborate (CgH,,BCI,N requires B, 4-8; Cl, 62-5; N,6-2%). ° A mixture of diethyl- 
hloro- amine-boron trichloride and diethylaminoboron dichloride, which (13-3 g.) at 110—120°/3 mm. (4 
hr.) gave the latter (3-5 g.) (Found: B, 7-1; Cl, 45-4; N, 9-1. Calc. for C,H,)BCI,N: B, 7-0; Cl, 
46-1; N, 9-1%), condensed at —80°, and a sublimate (3-2 g.) of a mixture of this and the former 
7 been (Found: B, 6-5; Cl, 51-6% *) together with a brown solid (4-2 g.) (B, 6-0%) from which no identified 
1505 compounds could be extracted by benzene or methylene dichloride. * Condensate (—80°) gives 
, Et,N-BCl, (17-4 g.), b. p. 143—147° (Found: B, 6-9; Cl, 45-4; N, 9-0%), and a semi-solid (4-7 g.) 
its for which on heating under reduced pressure gave more dichloride (2-9 g.), b. p. 48—49°/18 mm. (Found: 
- the B, 6-8; Cl, 46-1; N, 8-9%). .7 Reagents mixed at 0°. *® The condensate (— 80°) of Et,N-BCl, could 
: not be entirely freed from solvent; best fraction (7-12 g.) had b. p. 144—148° (Found: B, 6-6; Cl, 
pports 44-7; N, 87%). ® First precipitate weighed 59-3 g. Data refer to residue after extraction with 
easing methylene dichloride. 1° Brown solid from methylene dichloride. 1‘! The n-pentane filtrate gave 
ed b Et,N*BCl,, b. p. 140—147° (11-4 g.); it was difficult to separate n-pentane from the dichloride; best 
y fraction had b. p. 144—147° (Found: B, 6-8; Cl, 45-2; N, 8-9%). 14 Di-n-propylammonium tetra- 
tuent. chloroborate, m. p. 72—80° (decomp.) (C,H,,BCI,N requires B, 4:3; Cl, 55-7; N, 55%). ™ Di-n- 
10d es: propylamine—boron trichloride (I; R = Pr") (C,H,,BCI,N requires B, 5-0; Cl, 48-7*; N, 64%), 
shown to be covalent. The infrared spectrum remained the same after recrystallisation from 
methylene dichloride. 44 Pr,N-BCl, (1-5 g.) (Found: B, 5-5; Cl, 40-6; N, 7-2. Calc. for C,H,,BCI,N: 
B, 6-0; Cl, 39-0; N, 7-7%), obtained in cold trap by drying filtrate residue at low pressure. ' There 
was no precipitate at 15°. Evaporation of solvent gave di-isopropylamine-boron trichloride (III; 
R = Pr') recrystallised from the solvent (Found: B, 5-1; Cl, 48-2 *; N, 6-4). 1 Di-n-butylamine- 
boron trichloride (I; R = Bu") (C,H,,BCI,N requires B, 4-4; Cl, 43-2*; N, 5-7%). 3” Diphenyl- 
ammonium tetrachloroborate (C,,H,,BCI,N requires B, 3-4; Cl, 43-9; N, 43%). Filtrate later afforded 
2-3 g. more. 18 This residue (20-9 g.) was heated in benzene (50 c.c.) until evolution of hydrogen 
chloride ceased (15 hr.); the new filtrate residue (19-2 g.) (Found: Cl, 26-3%) could not be improved 
by recrystallisation from methylene chloride or n-pentane; but distillation afforded diphenylamino- 
boron dichloride (6-6 g.) (Found: B, 4-4; Cl, 28-2; N, 5-4. Calc. for C,,H,,BCI,N: B, 4:3; Cl, 28-4; 
N, 56%), b. p. 172°/18 mm., m. p. 65—68°, as yellow crystals, a more aminated product (1-25 g.), 
b. p. >170°/0-8 mm. (Found: B, 4-1; Cl, 18-6*; N, 6-3%), and a brittle solid (1-8 g.) (Found: B, 
4:0; Cl, 2:2*; N, 66%). 1 No precipitate from solvent; residue was a mixture of diethylamine— 
boron trichloride (20%) and diethylammonium chloride (80%), which on two crystallisations from 
methylene chloride gave the latter (13-5 g.) (Found: Cl, 31-3; N, 12-2%), from which (12-9 g.) a 
crop of the chloride (3-0 g.), m. p. 228—233° (Found: Cl, 32-0; N, 12-3. Calc. for C,H,,CIN: Cl, 
32-4; N, 128%), was obtained by heating under reflux with the solvent. *° The condensate (— 80°) 
(14:8 g.) contained Et,N-BCl,, b. p. 130—140° (Found: B, 6-9; Cl, 44-6; N, 8-8%), and gave the 
dichloride (9-8 g.), b. p. 144—145° (Found: Cl, 46-1; N, 9-1%), and a brown residue (2-8 g.) (Found: 
B, 6-2; Cl, 43-4*; N, 101%). * A yellow liquid mixture of diethylaminoboron dichloride, bis(di- 

ethylamino)boron chloride, and tris(diethylamino)boron, which defined attempts at separation. 
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Again the difficulty of separating diethylaminoboron dichloride from solvents is clearly demon- 
strated. 

Similarly, the tetrachloroborate (33-8 g., 1-0 mol.) was heated (5 hr.) in chloroform under 
reflux. A small amount of hydrogen chloride (0-1 g.) was evolved, and filtration gave a high 
recovery of the insoluble tetrachloroborate (31-4 g.) (Found: Cl, 62-6%). The filtrate afforded 
essentially diethylamine—boren trichloride (2-0 g.) (Found: Cl, 51-8%*). 

Decomposition of Diphenylammonium Tetrachloroborate in Benzene.—The compound (15-1 g., 
1-0 mol.) was heated in benzene under reflux, and after evolution of hydrogen chloride had 
ceased (1-93 mol. in 15-75 hr.), the solution was filtered from a trace of insoluble matter. The 
filtrate afforded impure diphenylaminoboron dichloride (12-1 g.) (Found: B, 4-0; Cl, 22-1; 
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N, 5-5%), of which 9-9 g. gave the dichloride (5-5 g., 58% yield), b. p. 109-—112°/0-1 mm. 
(Found: B, 4-3; Cl, 28-1; N, 5-5%). 

Preparation of Diethylammonium Tetrachloroborate from Diethylammonium Chloride.—Boron 
trichloride (6-6 g., 1-5 mol.) in dry methylene dichloride (25 ml.) at —80° was added (5 min.) 
to a suspension of diethylammonium chloride (4-5 g., 1-0 mol.) in the same solvent (25 ml.) also 
at —80°. The mixture was filtered at 15° to afford the white, insoluble diethylammonium 
tetrachloroborate (8-7 g., 93% yield) (Found: C, 22-8; H, 5-5; B, 5-0; Cl, 61-6; N,6-2. Calc. 
for C,H,,BNCI,: C, 21-2; H, 5-3; B, 4-8; Cl, 62-5; N, 6-2%). 

Preparation of Di-isopropylammonium Tetrachloroborate from Di-isopropylamimonium 
Chloride.—Boron trichloride (7-0 g., 1-4 mol.) in dry methylene dichloride (10 ml.) was added 
at —80° to a suspension of di-isopropylammonium chloride (5-8 g., 1-0 mol.) in the same solvent 
(25 ml.) at —80°. At 15° a clear solution resulted which, on removal of excess of boron tri- 
chloride and solvent, gave white, crystalline di-isopropylammonium tetrachloroborate (10-4 g., 
97% yield) (Found: C, 29-8; H, 6-6; B, 4-4; Cl, 55-6; N, 5-5. C,H,,BCI,N requires C, 28-3; 
H, 6-3; B, 4:3; Cl, 55-7; N, 55%). 

Reaction between Diethylammonium Tetrachloroborate and Triethylamine.—Triethylamine 
(31-7 g., 2-0 mol.) in benzene (100 ml.), added to diethylammonium tetrachloroborate (35-5 g., 
1-0 mol.) suspended in the same solvent (100 ml.), afforded the insoluble triethylammonium 
chloride (34-1 g., 81% yield) (Found: Cl, 26-2; N, 10-6. Calc. for C,H,,CIN: Cl, 25-8; N, 
10-2%). Separation of diethylaminoboron dichloride from the benzene filtrate was again not 
achieved; a fraction (6-3 g.) was obtained which was a mixture of the dichloride (88%) and 
benzene (12%) (Found: B, 6-2; Cl, 39-6; N, 8-0%). 

Preparation of Di-isopropylaminoboron Dichloride.—Di-isopropylamine (19-5 g., 1-0 mol.) 
in methylene dichloride (25 ml.) was added to boron trichloride (25-0 g., 1-10 mol.) in the same 
solvent (25 ml.) at —80°. Solvent and excess of boron trichloride were removed; triethylamine 
(19-8 g., 1-02 mol.), added to the residue dissolved in benzene (50 ml.), gave the insoluble 
triethylammonium chloride (26-0 g., 0-98 mol.) (Found: Cl, 25-7. Calc. for C,H,,CIN: Cl, 
25-8%) which was filtered off. Distillation of the filtrate afforded di-isopropylaminoboron 
dichloride (12-8 g., 36-5% yield) (Found: B, 5-8; Cl,-38-8; N, 7-8. C,H,,BCI,N requires 
B, 6-0; Cl, 39-0; N, 7-7%), b. p. 61—63°/13 mm., n,”° 1.4492, as a strongly fuming liquid which 
slowly darkened. 


We are grateful to Mr. H. A. Willis for his helpful comments on the infrared spectra. 
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996. The Search for Chemotherapeutic Amidines. Part XVII.* 
aw-Di-p-amidinoanilinoalkanes. 
By S. S. BERG. 


The diamidines (III) where n is 1, 2, 3, and 6, and the piperazine derivative 
(II) are described. They have no significant trypanocidal activity. 


No aromatic diamidines of type (I) where X is NH*[CH,],"NH have been reported in this 
series of papers although the corresponding oxygen analogues (X = O-[CH,],°O) were 
among the first to be prepared. The compounds (III) where 1 is 1, 2, 3, and 6, together 
with the piperazine derivative (II), are now described. 

The first member of the series (III; = 1) was readily prepared by the reaction of 
formaldehyde with p-aminobenzamidine monohydrochloride, but attempts to obtain the 
next higher homologue (III; » = 2) by the condensation of the amino-amidine with 


* Part XVI; Ashley, Berg, and MacDonald, J., 1960, 4525. 
1 Ashley, Barber, Ewins, Newbery, and Self, J., 1942, 116. 
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ethylene dibromide were unsuccessful. The corresponding dinitrile, 1,2-di-p-cyanoanilino- 
ethane, was prepared, together with 1,4-di-p-cyanophenylpiperazine, by the condensation 
of p-aminobenzonitrile with ethylene dibromide in boiling 2-ethoxyethanol, and was also 
obtained from the reaction of 1,2-di-p-bromoanilinoethane with cuprous cyanide—pyridine. 


HN, 2NH f= 
a“ x Fig (II); X N N 
H,N NH, a 
(I) 


(III) ; X 


NH: [CH3] n-NH 
(IV); X = NH-[CH:CH],-CH:N 


1,4-Di-p-cyanophenylpiperazine was also prepared (but in variable yield) by the reaction 
of p-aminobenzonitrile with ethylene dibromide in the presence of sodium carbonate. 

The condensation of #-aminobenzamidine monohydrochloride with 1,1,3,3-tetraethoxy- 
propane f gave 1-p-amidinoanilino-3-p-amidinophenyliminoprop-l-ene dihydrochloride 
(IV; » = 1) but attempts to reduce this catalytically in aqueous solution to the corre- 
sponding propane caused fission with formation of f-aminobenzamidine. The condens- 
ation of p-aminobenzonitrile with 1,3-dibromopentane gave a poor yield (21-6%) of 
1,3-di-p-cyanoanilinopropane. Subsequently an alternative method was used, and 
p-aminobenzonitrile was condensed with 1,1,3,3-tetraethoxypropane, and the resulting 
1-p-cyanoanilino-3-p-cyanophenyliminoprop-l-ene was smoothly reduced catalytically in 
dimethylformamide to the propane. There was, however, no improvement in the overall 
yield (22%) from these two reactions. A different result was obtained in attempts to 
synthesise the analogous pentane derivative. #-Aminobenzamidine monohydrochloride 
condensed smoothly with the monosodio-derivative of glutaconic dialdehyde to give 
1-p-amidinoanilino-5-p-amidinophenyliminopenta-1,3-diene (IV; = 2) tf which suffered 
fission during attempts to reduce it catalytically to the pentane, and a similar fission 
occurred during the reduction of the corresponding 1-f-cyanoanilino-5-p-cyanopheny]l- 
iminopenta-1,3-diene (prepared from the sodio-derivative of the dialdehyde and p-amino- 
benzonitrile in dilute sulphuric acid; the use of hydrochloric acid in this condensation gave 
chlorine-containing products). The alternative synthesis from f-aminobenzonitrile and 
1,5-dibromopentane was not attempted because it was considered very probable that 
this reaction would give 1-p-cyanophenylpiperidine (cf. Bader,? who obtained 4-amino-6- 
piperidinoquinaldine from 4,6-diaminoquinaldine and 1,5-dibromopentane). 

1,6-Di-p-cyanoanilinohexane was prepared without difficulty from the amino-nitrile 
and 1,6-dibromohexane. 

The dinitriles were converted into the diamidines by the usual Pinner method, and 
these were tested biologically as the dihydrochlorides, dimethanesulphonates, or di- 
isethionates. 

Di-f-amidinoanilinomethane was inactive against Trypanosoma congolense infections 
in mice; the other diamidines were slightly active but not curative. 1,3-Di-p-amidino- 
anilinopropane had a therapeutic ratio (LD. : CDs) of 22 when tested against T. rhodesiense 
infections in mice. 

EXPERIMENTAL 

Di-p-amidinoanilinomethane Dihydrochloride—p-Aminobenzamidine monohydrochloride 
(8-5 g.) in ethanol (50 ml.) and aqueous formaldehyde (40%; 2 ml.) were refluxed for 0-5 hr. 
The white product (5-7 g.) was filtered off and washed with ethanol and acetone. The salt 
crystallised from methanol—agetone (1:2; 112 ml.) in needles (4:3 g., 49%), m. p. 236—238° 
(Found: Cl, 20-2; N, 23-7. C,,H,,N,,2HCl requires Cl, 20-0; N, 23-65%). The pH of a 
3% w/v aqueous solution was 7-0. 

+ This was first carried out by our colleague, Dr. E. Crundwell, B.Sc. 
* Bader, J., 1956, 3293. 
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1,2-Di-p-cyanoanilinoethane.—A stirred mixture of cuprous cyanide (6-8 g.) and anhydrous 
pyridine (10 ml.) was heated to 120—130° to give a clear brown solution. 1,2-Di-p-bromo- 
anilinoethane, m. p. 105—108° (9-25 g.) (Schouten *), was added, and the bath temperature was 
raised to 215—-220°. Pyridine was distilled off while the internal temperature was 195—200°, 
and the thick melt was stirred at this temperature for 3 hr. The hot melt was quickly added to 
potassium cyanide (20 g.) in ice-water (50 ml.); the oil which separated quickly hardened. 
The liquor was poured off and the residual mass was ground with 2N-hydrochloric acid. The 
brown granular solid (14-5 g.) was filtered off, washed with water, dried, and sublimed at 
300—310°/0-1 mm. The yellow sublimate (0-45 g.) of the dicyano-compound after being 
ground and washed with ether, crystallised from acetic acid as pale yellow needles (0-33 g.; 
5%), m. p. 205—206° (Found: C, 72-7; H, 5-4; N, 21-3. C,.H,,N, requires C, 73-3; H, 5-35; 
N, 21-4%). 

Condensation of p-Aminobenzonitrile with Ethylene Dibromide.—p-Aminobenzonitrile (100 g.), 
sodium hydrogen carbonate (142 g.), ethylene dibromide (160 g.; 73 ml.), and 2-ethoxyethanol 
(400 ml.) were refluxed for 18 hr. (bath at 140—150°). The mixture was cooled to 10°, and the 
insoluble material (A) was filtered off. The filtrate was diluted with water (600 ml.), and the 
brown granular solid (B) was filtered off and washed with water. p-Aminobenzonitrile (51 g.) 
was recovered from the mother liquors. The solid (B) was crystallised from methanol (1700 m1.), 
and the product (18 g.), m. p. 185—203°, was sublimed at 280—290°/0-07 mm. A low-melting 
fraction, and a main fraction (il g.), m. p. 200—205°, were obtained. Crystallisation of the 
latter from acetic acid (200 ml.) gave 1,2-di-p-cyanoanilinoethane (9 g.; 8-3%), m. p. 208—209°, 
identical with the product described above. 

The product (A) was washed with 2-ethoxyethanol and ground with water; the mixture 
was filtered, and the solid boiled with methanol (300 ml.) and then sublimed at 310—315°/0-07 
mm. The main fraction (7-6 g.), m. p. 259—267°, was crystallised from anisole (200 ml.); 
1,4-di-p-cyanophenylpiperazine (6-6 g.; 5-5%) separated as pale yellow needles, m. p. 275—-277° 
(Found: C, 74:7; H, 5-55; N, 19-5. C,,H,,N, requires C, 75-0; H, 5-55; N, 19-45%). It 
was also prepared as follows: p-Aminobenzonitrile (5 g.), anhydrous sodium carbonate (4-25 g.), 
and ethylene dibromide (7-1 g., 3-25 ml.) were stirred amd refluxed at 150—155° (bath) for 3 hr. 
The mixture was cooled in ice and filtered, and the solid was washed with hot water and then 
ethanol, boiled with 2-ethoxyethanol (2 x 100 ml.), and crystallised from anisole (55 ml.), 
The product (1-4 g., 23%) separated as yellow needles, m. p. 270—-272°, identical with the 
authentic sample (this method of preparation gave variable results, the yield quoted being the 
highest obtained). 

1,2-Di-p-amidinoanilinoethane Dimethanesulphonate.—This was prepared from 1,2-di-p- 
cyanoanilinoethane (27-5 g.) suspended in 2-ethoxyethanol (650 ml.) at 0—5° and saturated 
with hydrogen chloride. After 10 days, the resulting mixture of di-imidoester dihydrochloride 
and unchanged dinitrile (18 g.) was treated with saturated ethanolic ammonia (390 ml.) at 
55—60°. The diamidine dihydrochloride (7-5 g.) crystallised from water in cream plates, m. p. 
353° (decomp.) (Found: Cl, 17-8; N, 21-15; H,O, 6-6. C,,H9N,,2HC1,1-5H,O requires 
Cl, 17-9; N, 21-2; H,O, 6-8%). A solution of the dihydrochloride (7-5 g.) in water (800 ml.) 
(prepared by heating to 70—80°) was cooled to 10-—15°, and basified with 50% w/v aqueous 
sodium hydroxide. The base was filtered off, washed with water, and dried over silica gel 
in vacuo. The white solid (6-0 g.) was suspended in methanol (80 ml.), and methanesulphonic 
acid in methanol (9-6 w/v; 5-5 ml.) was added. The dimethanesulphonate quickly crystallised 
and was recrystallised from methanol (560 ml.). The product separated as pale yellow prisms 
(7-1 g.; 53-5%, overall), m. p. 301—302° (Found: N, 17-2; S, 13-3. C,.H.»N,,2CH,0,S 
requires N, 17-2; S, 13-1%). The pH of a 2% w/v aqueous solution was 6—7. 

1,4-Di-p-amidinophenylpiperazine Di-isethionate.—This was prepared similarly from finely 
ground 1,4-di-p-cyanophenylpiperazine (8-4 g.) suspended in 2-ethoxyethanol (150 ml.), and 
saturated with hydrogen chloride at 0-5°. The diamidine dihydrochloride (6 g.) in water 
(750 ml.) was basified with 50%, w/v aqueous sodium hydroxide, at 15—-20°, and the base was 
filtered off, washed with water, and dissolved in warm 2n-isethionic acid (20 ml.). After being 
cooled in ice, the di-isethionate was filtered off. The crude product (6-5 g.) was recrystallised 
from methanol (350 ml.), forming yellow needles (5-5 g., 43-5%), m. p. 328° (decomp.) 
(Found: N, 14-15; S, 11-1; H,O,2-7. C,,H,,.N,,2C,H,O,S,H,0 requires N, 14-2; S, 10-8; H,0, 
305%). The pH of a 2%, w/v aqueous solution was 7. 

* Schouten, Rec. Trav. chim., 1937, 56, 541. 
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1-p-Cyanoanilino-3-p-cyanophenyliminoprop-1-ene.—p-Aminobenzonitrile (12 g.) dissolved 
in 2n-hydrochloric acid (100 ml.) and water (150 ml.), was heated on the steami-bath, and 
treated with 1,1,3,3-tetraethoxypropane (12 ml.). The mixture was stirred for 1 hr., then 
cooled in ice, and the yellow precipitate (15 g.) filtered off and washed with ethanol and ether. 
A solution in 95% aqueous pyridine (300 ml.) was diluted with water (300 ml.), and the fluffy 
yellow product (11 g.; 58%) filtered off. It had m. p. 227—-229° (Found: C, 74-8; H, 4-8; 
N, 20-3. C,,H,,.N, requires C, 75-0; H, 4-4; N, 20-6%). 

1,3-Di-p-cyanoanilinopropane.—(a) p-Aminobenzonitrile (11-8 g.), 1,3-dibromopropane 
(5-2 ml.), sodium hydrogen carbonate (8-4 g.), and 2-ethoxyethanol (50 ml.) were refluxed 
overnight. The mixture was added to water (2 vol.), and the oil which separated soon hardened. 
The stiff gum was triturated with isopropyl alcohol (25 ml.), and the solid was filtered off and 
crystallised from aqueous ethanol, giving the dinitrile as pale yellow needles (3 g.; 21-6%), 
m. p. 159—161° (Found: C, 74:2; H, 5-7; N, 20-0. C,,H,,.N, requires C, 73-9; H, 5-8; 
N, 20-3%). 

(b) 1-p-Cyanoanilino-3-p-cyanophenyliminoprop-l-ene (11 g.) in dimethylformamide (700 
ml.) was hydrogenated at room temperature with platinum oxide (1-6 g.) as catalyst; the 
absorption of hydrogen (2 1.; 85%) was completed in 1-5 hr. After the removal of catalyst 
the solution was diluted with water (1350 ml.), and the precipitate was filtered off, washed with 
water, and crystallised from ethanol (200 ml.) and water (20 ml.). The product (4-15 g., 38%) 
was identical with the above dinitrile. 

1,3-Di-p-amidoanilinopropane Dihydrochloride——This was prepared from finely ground 
1,3-di-p-cyanoanilinopropane (10 g.) suspended in anhydrous ethanol (200 ml.) saturated with 
hydrogen chloride at 0—5°. Nearly all the solid dissolved, and the di-imidoester dihydro- 
chloride began to separate after 24 hr. After being kept for 1 week, the di-imidoester dihydro- 
chloride (14-1 g.) was treated with saturated ethanolic ammonia (141 ml.) at 55—60°. The 
yellow diamidine dihydrochloride (10-5 g.) was dissolved in boiling water (100 ml.), and saturated 
brine (30 ml.) was added. The product (5-8 g.; 38%) separated as pale yellow plates, m. p. 
316—318° (decomp.) (Found: Cl, 16-8; N, 19-9; H,O, 8-35. (C,,H,.N,,2HCI,2H,O requires 
Cl, 16-9; N, 20-0; H,O, 8-6%). The pH of a 2% w/v aqueous solution was 7-0. The product 
was phototropic. 

1-p-Cyanoaniline-5-p-cyanophenyliminopenta-1,3-diene.—Sodium glutaconic aldehyde di- 
hydrate (1-55 g.) in water (50 ml.) was added to a stirred solution of p-aminobenzonitrile (2-36 g.) 
in 2n-sulphuric acid (20 ml.) and water (120 ml.) at 80—90°. The mixture was stirred for a 
further 10 min. at 80—90° and was then filtered. The product (2-5 g.; 84%), which was washed 
with hot water and acetone, decomposed at 140—144° (Found: C, 61-7; H, 6-55; N, 15-0; 
H,O, 19-8. C,gH,,N,,4H,O requires C, 61-6; H, 5-95; N, 15-15; H,O, 19-45%). 

Reduction. The product (2-4 g.) in dimethylformamide (100 ml.) was reduced at atmospheric 
pressure at 30—35° in the presence of platinum oxide (0-24 g.). The absorption of hydrogen 
(96%; 520 ml.) was complete in $} hr. The catalyst was filtered off, and the brown solution 
was diluted with an equal volume of 2N-hydrochloric acid. The brown precipitate was filtered 
off, washed with water, and extracted with chloroform. The chloroform extracts were combined, 
dried (Na,SO,), and concentrated under reduced pressure. The residual gum (2-0 g.) was 
triturated with ethanol, giving a brown solid (1-8 g.), m .p. 160—170°. Attempts to purify this 
were unsuccessful. The aqueous dimethylformamide filtrate was evaporated to dryness under 
reduced pressure. -Aminobenzonitrile (0-2 g.), m. p. 83—86°, was obtained by grinding the 
residue with 2N-ammonia, and crystallisation of the insoluble material from water. 

1,6-Di-p-cyanoanilinohexane.—p-Aminobenzonitrile (94-4 g.), hexamethylene dibromide 
(97-6 g.; 72-1 ml.), sodium hydrogen carbonate (67-2 g.), 2-ethoxyethanol (400 ml.), and 
potassium iodide (a crystal) were stirred and refluxed for 24 hr. The inorganic material was 
filtered off and the solvent was distilled off under reduced pressure. The residual oil was 
cooled and stirred with 2n-hydrochloric acid (2 1.), and the mixture extracted with chloroform. 
The chloroform extract was washed with n-hydrochloric acid, and dried (Na,SO,). The solvent 
was distilled off under reduced pressure and the residual gum treated with an equal volume of 
ethanol. The mixture was cobled in ice, and the solid (15 g.) was filtered off and washed with 
ethanol; it had m. p. 156—166°. The filtrate was evaporated under reduced pressure and the 
residual gum was treated with an equal volume of ethanol to give a second crop (8 g.), m. p. 
155—165°. The crude product (23 g.) was crystallised from acetic acid (120 ml.), giving brown 
prismatic needles of the dinitrile (16 g.; 126%), m. p. 165—167° (Found: C, 75-6; H, 
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6-75; N, 17-45. Cy gH,.N, requires C, 75-5; H, 6-9; N, 17-6%). The residual gum was not 
examined. 

1,6-Di-p-amidinoanilinohexane Di-isethionate——This was prepared similarly to the other 
diamidines from a suspension of 1,6-di-p-cyanoanilinohexane (15 g.) in 2-ethoxyethanol (180 ml.) 
saturated with hydrogen chloride at 0—5°. The di-isethionate was crystallised successively 
from water and methanol. It formed yellow prisms (5-2 g.; 18-3%), m. p. 238—240° (Found: 
N, 13-8; S, 10-8. CygH,,.N,,2C,H,O,S requires N, 13-9; S, 10-5%). A 0-5% aqueous solution 
was neutral to litmus. 


The author thanks Dr. H. J. Barber, F.R.I.C., for his interest, Mrs. R. Stone, B.Sc., for 
the trypanocidal tests, and Mr. S. Bance, F.R.I.C., for the analyses. 
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997. Calciferol and its Relatives. Part V.1 Epicalciferol.’ 
By I. T. Harrison, R. A. A. Hurst, B. Lytucog, and D. H. WILLIAms. 


Epicalciferyl p-nitrobenzoate, identical with that previously obtained 
by synthesis,* has been prepared by irradiation of epilumisterol. Hydrolysis 
gave crystalline epicalciferol. 


In our synthesis* of vitamin D, the bicyclic «$-unsaturated aldehyde C,,H,,0* was 
converted into a mixture of the epimeric (3«- and 38-) 5-trans-dienones (I),5 then into the 
cis-isomers (II), and finally into a mixture of the epimeric 5-cis-trienols (III) and (IV) 
which were separated as crystalline nitrobenzoates. Calciferol (III) was isolated as the 
known 3,5-dinitrobenzoate. A second crystalline .3,5-dinitrobenzoate, m. p. 148°, was 
also isolated, and from it a new #-nitrobenzoate, m. p. 122—123°, was prepared; these 
new esters were regarded as derivatives of the hitherto unknown epicalciferol (IV). In 
order to provide authentic material for direct comparison with the synthetic samples, we 
have now prepared epicalciferol by a second unambiguous method. 

The obvious way to prepare epicalciferol was by irradiation of epiergosterol, but since 
epiergosterol is not known we used epilumisterol (V) instead. A complex of lumisterol 
and epilumisterol is readily obtained * by epimerising lumisterol; it can be resolved by the 


9Hi7 CoHi7 CyHi7 CyHi7 
| CoHj7 
| | 
° te) i 
HO HO” HO 
(I ) (V) 


Cc 
| 
| 
OH HO” 
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use of digitonin, or, as we now show, by crystallisation of the 3,5-dinitrobenzoates. Spectro- 
metric observations showed that the course followed by the irradiation of both epimers is 
essentially the same, and in trial experiments with lumisterol conditions were found 


1 Part IV, Harrison and Lythgoe, J., 1958, 843. 

* A preliminary account has appeared; Harrison, Hurst, and Lythgoe, Proc., 1959, 269. 
* Harrison and Lythgoe, Proc., 1957, 261; Part III, /., 1958, 837. 

* Heilbron, Jones, Samant, and Spring, /., 1936, 905. 

* Inhoffen, Briickner, and Griindel, Chem. Ber., 1954, 87, 1. 

* Barnett, Heilbron, Jones, and Verill, /., 1940, 1390. 
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which provided calciferol (as the 3,5-dinitrobenzoate) in a yield of 20%; although not 
optimal this was satisfactory for our purpose. Pure epilumisterol was irradiated under 
similar conditions, the solution was warmed to convert epiprecalciferol into epicalciferol, 
the products were converted into 3,5-dinitrobenzoates, and unchanged epilumisterol 
ester was removed by crystallisation. Chromatography of the residue gave a fraction of 
crude, non-crystalline epicalciferyl 3,5-dinitrobenzoate which was hydrolysed and 
re-esterified with #-nitrobenzoyl chloride. This gave epicalciferyl -nitrobenzoate, 
identical with the synthetic material described in Part III.* We have also obtained this 
p-nitrobenzoate in yet a third way, by applying the synthetical methods of Part III to 
the isolated 7? «-epimer of the 5-trans-dienone (I). These experiments confirm the identity 
of the synthetic material and show that it is free from the $-epimer. 

Hydrolysis of the p-nitrobenzoate gave free epicalciferol, m. p. 85—86°, [a], —12° 
(in benzene), now obtained crystalline for the first time. It showed Amax. 265—266 my 
(c 17,900); the B-epimer has Amax, 265—266 my (¢ 18,300). 

The crude epicalciferyl 3,5-dinitrobenzoate mentioned above failed to crystallise even 
when seeded with our synthetic 3,5-dinitrobenzoate, m. p. 148°; this casts doubt on the 
latter’s identity. When solutions of the non-crystalline ester and solutions of calciferyl 
3,5-dinitrobenzoate were mixed they readily gave crystalline material identical with the 
synthetic ester, m. p. 148°. This material therefore contains both epimeric 3,5-dinitro- 
benzoates.8 It is less soluble than either of its components, its physical constants are 
reproducible, and this, together with the rotation data, indicates that it is a 1 : 1 complex 
of the epimeric esters. In contrast to the 3,5-dinitrobenzoates, the epimeric p-nitro- 
benzoates do not form a complex. When the complex, m. p. 148°, was hydrolysed and 
re-esterified with -nitrobenzoyl chloride, crystallisation gave, as the less-soluble com- 
ponent, epicalcifery! p-nitrobenzoate, m. p. 122—123°; the more-soluble calciferyl p-nitro- 
benzoate, m. p. 92—93°, was then recovered from the mother-liquors. These solubility 
relations form the basis for the original isolation * of epicalciferyl p-nitrobenzoate from 
the mixture of the epimers (III) and (IV) obtained by synthesis. 

Whilst the above work was in progress Inhoffen and his associates ? described a synthesis 
of calciferol and epicalciferol. They had earlier ® shown that 5-trans-calciferol, obtained 
by the chemical isomerisation of calciferol,!° could be reconverted into the vitamin by a 
special irradiation technique of which the essential feature was the use of glass as a filter 
for the ultraviolet light. It having been shown" that the Wittig ?* reaction can be 
applied to carbonyl compounds containing unprotected hydroxyl groups, they were able 
to convert the separated epimers of the frans-dienone (I) into the epimers of 5-frans- 
calciferol (I; =CH, instead of =O); this synthesis of the 8-epimer completed a synthesis 
of the vitamin. Irradiation by the Inhoffen technique of the synthetic 3«-5-trans-calciferol 
gave epicalciferol as an oil, e,,x, 14,800 (pure material has enx 17,900), characterised as 
an amorphous 3,5-dinitrobenzoate, m. p. 100—110°. 

The German workers adversely criticised several aspects of our synthesis; * they also 
claimed that epicalciferol was unknown prior to their work.?_ The general validity of our 
synthesis and the authenticity of our synthetic calciferyl p-nitrobenzoate are, we think, 
sufficiently confirmed by the present paper. We wish, moreover, to correct the statement ? 
that our dienone isomerisation was effected by the Inhoffen glass-filtered irradiation 
technique. The effective chromophore in our experiment being a dienone, not a triene 


7 Inhoffen, Irmscher, Hirschfeld, Stache, and Kreutzer, Chem. Ber., 1958, 91, 2309. An abbreviated 
account is available: idem, J., 1959, 385. 

® Its composite nature was first suggested in ref. 7 

* Inhoffen, Quinkert, and Mess, Naturwiss., 1957, 44, 11; (with Hirschfeld) Chem. Ber.. 1957, 90, 


2544 


” Koevoet, Verloop, and Havinga, Rec. Trav. chim., 1955, 74, 788, 1125; Inhoffen, Quinkert, Hess, 
and Erdmann, Chem. Ber., 1956, 89, 2273. 

Sondheimer and Mechoulam, J. Amer. Chem. Soc., 1957, 79, 5029 

2 Wittig and Schillkopf, Chem. Ber., 1954, 87, 1318. 
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system, different conditions are required, namely, low temperature and the removal of 
light of wavelength less than 320 my. If these are fulfilled, the irradiation can be con- 
ducted in either quartz or glass; we used glass for its cheapness. The Inhoffen technique, 
which removes only light of wavelength shorter than 290 my,° is not recommended for our 
isomerisation. 


EXPERIMENTAL 
Ultraviolet absorption data refer to solutions in alcohol. 


Epilumisterol.—The crude epimer mixture obtained by epimerising * lumisterol (12-7 g.) was 
esterified in pyridine (20 c.c.) with 3,5-dinitrobenzoyl chloride (15 g.) in benzene (20c.c.). The 
reaction mixture was diluted with ether (300 c.c.) and washed thoroughly with dilute hydro- 
chloric acid and then with water; a yellow solid was precipitated at the interface. The ether 
phase was kept at — 40° for 30 min. to complete the precipitation; the solid (7-1 g.) was collected; 
it had m. p. 137—139° and was almost pure lumisteryl 3,5-dinitrobenzoate. The ethereal 
filtrate was evaporated and the residue crystallised from acetone-alcohol giving epilumisteryl 
3,5-dinitrobenzoate (4-8 g.), m. p. 184—185°, [a],’* + 134° (c 1-4, in benzene) (Found: C, 71-35; 
H, 7:7; N, 4:7. C3;H,gN,O, requires C, 71-2; H, 7-8; N, 4:7%). Hydrolysis with aqueous 
methanolic potassium hydroxide gave epilumisterol (3-0 g.), m. p. 112—113°, [a],"* + 227° 
¢ 1-2, in chloroform); lit.,% m. p. 113°, [a], +224-6° (in chloroform). 

Irradiation of Epilumisterol_—A solution of the sterol (2-29 g.) in alcohol (1100 c.c.) and 
benzene (120 c.c.) was divided into two portions; each was stirred under nitrogen in a silica 
flask and irradiated (Thermal Syndicate lamp T/M5/401) for 45 min. at 20°, and then heated 
under reflux for 34 hr. The combined solutions were evaporated under reduced pressure and 
the residue was esterified with 3,5-dinitrobenzoyl chloride (2-1 g.) in benzene (10 c.c.) and 
pyridine (10 c.c.) at 18° for 16 hr. The product, isolated in the usual manner, crystallised from 
acetone-alcohol giving epilumisteryl 3,5-dinitrobenzoate (1-15 g.); the mother-liquor material 
was transferred to benzene and chromatographed on neutral alumina (10 g.). Elution with 
benzene gave crude epicalciferyl 3,5-dinitrobenzoate (630 mg.) which separated from acetone- 
alcohol as a gel. Its solution in benzene (5 c.c.) was mixed with a solution of sodium hydroxide 
(600 mg.) in water (0-5 c.c.) and alcohol (20 c.c.), and after 10 min. the mixture was diluted with 
water and light petroleum (b. p. 40—60°). The washed and dried petroleum phase was 
evaporated, giving crude epicalciferol as a gum (400 mg.). This was esterified with p-nitro- 
benzoyl chloride in benzene and pyridine, and the crude p-nitrobenzoate, isolated in the usual 
manner, was purified by chromatography on alumina. Crystallisation from acetone—alcohol 
gave epicalciferyl p-nitrobenzoate (200 mg.) as fine needles or prisms, m. p. 122—123°, [{a),* 
+-7° (c 2-1, in benzene) (Found: C, 76-95; H, 8-55. Calc. for C;,H,,NO,: C, 77-0; H, 8-7%). 
It gave no depression on admixture with the synthetic specimen described in Part III, which 
had m. p. 122—123°, [a], +-7° (c 3-8, in benzene). The p-nitrobenzoate had Amax, 262—263 mu 
(ec 31,500); calciferyl p-nitrobenzoate has Ams, 262—-263 my (¢ 31,500). In some experiments 
a second crystalline form, needles, m. p. 120-5—121°, was obtained; it had the same optical 
rotation as that described above, and the two forms were interconvertible by seeding solutions 
with the appropriate crystals. 

Epicalciferol—(a) From the p-nitrobenzoate. Solutions of the p-nitrobenzoate (48 mg.; 
m. p. 122—123°) in benzene (0-5 c.c.) and sodium hydroxide (100 mg.) in 95% alcohol (2-1 c.c.) 
were mixed, kept for 35 min., and then diluted with water and light petroleum (b. p. 40—60°). 
The petroleum phase was washed, dried, and evaporated, and the residue crystallised from dry 
acetone at —25°, giving epicalciferol (27 mg.) as needles, m. p. 85—86°, [a],,2* —12° (c 2-4, in 
benzene), Amsx 265—266 my (e 17,900) (Found: C, 84-5; H, 11-3. C,,H,,O requires C, 84-8; 
H, 11-2%). 

(b) From irradiated epilumisterol. Epilumisterol (2-63 g.) was irradiated, as described 
above, giving crude epicalciferol (565 mg.) which crystallised from dry acetone at — 25° giving 
epicalciferol (195 mg.), m. p. 85—86°. 

The Complex of Calciferyl and Epicalciferyl 3,5-Dinitrobenzoates.—Crude epicalcifery! 3,5-di- 
nitrobenzoate (490 mg.), obtained by irradiation of epilumisterol (1 g.) as described above, was 
mixed with calciferyl 3,5-dinitrobenzoate (150 mg.). Crystallisation from acetone-—alcohol 


'® Heilbron, Kennedy, Spring, and Swain, J., 1938, 869. 
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gave the complex (260 mg.) as prisms, m. p. 148-5°, [aj,,'7 +35° (c 1-4, in benzene), identical 
(mixed m. p.) with the synthetic material described in Part III. 

Hydrolysis of a portion (130 mg.) of the complex, and conversion into the p-nitrobenzoates 
followed by crystallisation from acetone-alcohol gave, as the first crop, crude epicalciferyl 
p-nitrobenzoate (33 mg.), m. p. 115—120°; recrystallisation gave pure material (15 mg.), m. p. 
122—123°, [aJ,!7 +8° (c 2-1, in benzene). The mother-liquors from the first crystallisation 
gave crude calciferyl p-nitrobenzoate (31 mg.) as prisms, m. p. 75—81°; recrystallisation gave 
pure material, m. p. and mixed m. p. 92—93°, [aJ,’* +51° (c 1-1, in benzene). 

Conversion of the trans-Dienone (I; «-OH) into Epicalciferyl p-Nitrobenzoate.—Pure a-epimer 
(800 mg.), m. p. 137—137-5°, [aJ,”” + 112° (c 1-4, in benzene) (lit.,” m. p. 132—133-5°, [aJ,, + 108°), 
dissolved in carbon tetrachloride (540 c.c.), was irradiated with light of 365 my wavelength 
until approximately 35% had been converted into the cis-isomer. The residue obtained by 
removal of the solvent was dissolved in a little light petroleum (b. p. 40—60°), and some 
unchanged ¢vans-dienone (260 mg.) which separated was removed. The residual material 
(540 mg.) was brought into reaction with methylenetriphenylphosphorane (from 1-2 g. of 
methyltriphenylphosphonium bromide) in tetrahydrofuran (35 c.c.) as described in Part ITI. 
The crude product was chromatographed on neutral alumina (25 g.; Grade III). The first 
fractions (170 mg.), eluted with benzene (50 c.c.), crystallised from acetone—alcohol giving 
3a-5-trans-calciferol (80 mg.), m. p. 129—131°. The second fractions (200 mg.), eluted with 
benzene (120 c.c.), gave crude epicalciferol (100 mg.), m. p. 81°, on crystallisation from acetone 
at —30°. Reaction with p-nitrobenzoyl chloride and crystallisation from acetone—alcohol gave 
epicalciferyl p-nitrobenzoate (77 mg.), m. p. and mixed m. p. 121°, [a],” + 6° (c 3-9, in benzene). 


We gratefully acknowledge generous gifts of lumisterol from Dr. B. A. Hems and Glaxo 
Laboratories Ltd. 
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998. Photo- and Semi-conductance of Organic Crystals. Part VI.* 
Effect of Oxygen on the Surface Photo-current and Some Photochemical 
Properties of Solid Anthracene. 


By A. Bree and L. E. Lyons. 


The photocurrent, J,, in anthracene mounted in a surface cell was shown 
to be proportional to the amount of oxygen adsorbed on the surface. The 
heat of adsorption of oxygen was found to be 5 kcal./mole. Evidence was 
obtained consistent with the double-layer theory of the oxygen effect both 
in air and in a vacuum. Some photochemical properties of anthracene 
crystals in air were examined. In the presence of oxygen small amounts of 
anthracene peroxide and anthraquinone were measured. The formation of 
anthraquinone was responsible for the fact that, in air, J, increased with 
temperature at first and then decreased. 


PHOTO-CONDUCTANCE in anthracene ! varies with the presence of oxygen in the surrounding 
atmosphere, and this is especially true of the surface photo-current J,, #.e., the current 
observed in a cell with the electrodes on the one surface of the crystal. The present work 
reports quantitatively the dependence of the surface photocurrent on oxygen pressure, the 
amounts of compounds of anthracene with oxygen formed under the action of light, and 
related questions. Certain results have been summarized in preliminary reports.* 


* Part V, J., 1957, 5001. 


‘ Part I, Bree, Carswell, and Lyons, ]., 1955, 1728. 
* Bree and Lyons, J. Chem. Phys., 1956, 25, 384, 1284. 
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EXPERIMENTAL 


The experimental procedure for measuring J, was similar to that described previously. 
A variety of evacuable cells were designed to fit directly to a compact amplifier built from a 
956 acorn-type valve connected in a well-known electrometer circuit.’ 

Effect on I, of varying the Oxygen Pressure.—The variation of I, with oxygen pressure, 9, 
was reversible; J, varied non-linearly with ~. However, the plot of p against /I, was linear 
for oxygen pressures greater than 10 mm. (Fig. 1). A graph of log J, against log.p was also 
linear over an intermediate pressure range. This marked similarity to a Langmuir adsorption 
isotherm, in the first case, and to a Freundlich adsorption isotherm, in the second, suggests that 
a monolayer of oxygen is adsorbed on the crystal surface and that J, is proportional to the 
amount of oxygen adsorbed. 

At low pressures (continuous pumping at 10 mm. of mercury) and at elevated temperatures, 
sublimation of anthracene was noticeable. When the cell was not in a thermostat a fine white 
powder slowly settled on its inner walls and on those surfaces of the crystal which were not 
illuminated. In the jacketed cell, used at higher temperatures, anthracene condensed on the 
cooler, upper portion, but the crystal surface facing the light remained clear. The useful 
pressure range became more limited as the temperature was increased. 

In order to compare readings for a number of crystals on the same graph, J, observed at 
pressure p was expressed as a fraction of the photocurrent, J,,,,, when the surface was saturated 
with adsorbed oxygen. It follows from Fig. 1 that oxygen was partially desorbed at higher 
temperatures; e.g., with an oxygen pressure of 160 mm. (7.e., a pressure of air of one atmosphere), 
the surface was 95% covered at 25°, 90% at 50°, 86% at 70°, and 82% at 90°. By prolonged 
irradiation, the vacuum photocurrent was reduced to 2—3% of the value in air at room 
temperature. 

The use of air in place of pure oxygen gave results which indicated that nitrogen is not 
adsorbed on the crystal surface and that J, depended on the partial pressure of oxygen. 

Readings were recorded on twelve crystals whose, thicknesses ranged from several microns 
to about 1 mm. The photocurrent in every crystal examined in this way showed a similar 
dependence on the oxygen pressure. All the crystals mounted in this series of experiments 
gave I, values of the same order of magnitude although, in general, the thicker samples, cleaved 
from a single crystal supplied for use as a scintillation counter, exhibited a smaller photo- 
current than the thinner sublimation flakes. The error in mounting crystals in a reproducible 
manner was lessened by using a fixed inter-electrode distance of about 2-5 mm., and constant 
applied voltage and light intensity. 

Inokuchi * has reported that oxygen does not increase the photocurrent in anthracene single 
crystals at 90°. This conclusion appears to contradict the result found in this work (see Fig. 1), 
but a possible explanation arises from the different methods of crystal mounting. In our work, 
the electrical contacts were made on the same crystal face (surface cell), while Inokuchi applied 
the electrodes to opposite crystal faces (sandwich cell). Previous workers have shown that in 
a surface cell the current is carried in a surface layer and that in a sandwich cell only a very 
small surface conductance is observed. 

From graphs of log p against 1/T (where T is the absolute temperature of the crystal) for 
constant amounts, 6, of adsorbed oxygen, estimates of the heat of adsorption were made (Fig. 2). 
At pressures greater than 10 mm., the heat of oxygen adsorption given by (—R In p)/(1/T) for 
constant 6 was (5 + 2) kcal./mole. 

Double-layer Experiments.—Two possibilities have been considered by various workers %' 
to account for the influence of oxygen: (a) a participation by the oxygen in the formation of 
charge carriers, a process which conceivably could, but need not, involve the formation of new 
chemical species (¢.g., an oxy-compound or the triplet state of anthracene molecules); and 
(b) a modification by oxygen of the properties of the electrical double layer assumed to exist 
at the crystal surface. We therefore studied the effects, both in air and in a vacuum, on J, 


* Hughes, Electronic Eng., 1951, 23, 217. 

* Inokuchi, Bull. Chem. Soc. Japan, 1956, 29, 131. 

* Compton, Schneider, and Waddington, ]. Chem. Phys., 1957, 27, 160. 
* Lyons, J]. Chem. Phys., 1955, 23, 220. 

7 Schneider and Waddington, J. Chem. Phys., 1956, 25, 358. 
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of electrically induced double layers. Schneider et al.5 about the same time did similar experi- 
ments in an inert atmosphere and our results agree with theirs. A charge was placed by means 
of a high-tension D.C. supply on a copper disc brought close and parallel to the crystal surface. 

In a vacuum, the photocurrent increased when the copper disc was made more negative 
than the crystal, and decreased when the disc was more positive. This indicated that any 
charge associated with an adsorbed oxygen layer was negative in sign. There was a prompt 
response of the photocurrent to any change in the induced charge on the “ condenser ”’ plates 
and, over the range of potential difference applied, the photocurrent variation was proportional 
to the strength of the field between the plates. 

The use of high potentials across the “‘ condenser ’’ plates was restricted by the occurrence 
of a discharge which depended on the gas pressure and the applied field. Bombardment of 


Fic. 2. Graphs for estimating the heat of adsorp- 
tion: 0 is the fraction of the surface which ts 


Fic. 1. Test of the applicability of a Langmuir covered by oxygen. 
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the crystal with charged particles of either sign, caused by holding the potential difference 
across the ‘‘ condenser ”’ slightly lower than that needed to cause a discharge, very much 
reduced the photo-conductance. Bombardment for periods of less than 1 min. decreased the 
crystal sensitivity by as much as 75%. A small part of the sensitivity (about 10%) was slowly 
recovered during some hours. 

In air the time of response of the photo-conductance to the modulating field increased very 
much (see Fig. 3). With the copper disc charged negatively, there was a marked increase in 
the photocurrent followed by a slow decrease to the initial value; with a positive charge on the 
copper disc, the photocurrent sharply dropped to about half the initial value and then slowly 
increased. The final equilibrium photocurrents, recorded after about 2 hr., were identical 
with the initial readings irrespective of whether the copper disc was charged positively or 
negatively. 

The results of the double-layer experiments are therefore consistent with the idea that the 
effect on I, of oxygen and other gases is through a modification of a surface double layer. The 
exact nature of the charged species remains uncertain. The differing behaviour in air and in 
a vacuum seems consistent with the relative difficulties of altering a double layer which is 
already well established by adsorbed oxygen. 


See, e.g., Shockley, ‘‘ Electrons and Holes in Semiconductors,” van Nostrand, New York, 1950, 
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Time Effects.—The time required for the anthracene-oxygen system to attain equilibrium 
depended on the intensity, L, of light incident on the crystal surface; equilibrium was reached 
more quickly as L was increased. With a 125 w high-pressure mercury arc placed 5 cm. from 
the crystal, equilibrium was established in about 60 min. The time constant of the apparatus 
itself was less than 1 min. For the low fields used here, equilibration was independent of the 
applied field strength, E. The system thus arrives at equilibrium through a stage involving 
an activation energy. Equilibrium may be visualized as a particular distribution of charge 
in a direction normal to the crystal surface. The attainment of equilibrium is assisted, there- 
fore, by a higher rate of formation of charges and this in turn increases with the light intensity, 
Thus it is possible to understand the time effects in terms of electrical double layers. 

Variation of 1, with Temperature, T.—In air, I, varied irreversibly with T; I, first increased 
with T, as shown by the curve AB in Fig. 4. A further increase of temperature caused J, to 
decrease along BC, and then lowering the temperature brought about the decrease from C to D. 
The I,-T curve was reversible along DC for all temperatures less than the maximum (T¢) reached 
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in the preliminary treatment, although, if the crystal temperature was held at values near T¢, 
there was a slow decrease in J, The value of Tz, the temperature at which J, reached a 
maximum on the curve AC (Fig. 4) varied from crystal to crystal; Tg was about 90°, when a 
cleaved portion of a scintillation counter was used, whilst a value of about 60° was obtained 
with a number of very pure, thin sublimation flakes. 

An activation energy, b, calculated from the reversible portion (DC in Fig. 4) of the J,-T curve 
by using the formula J, = a [exp (—b/kT)] was (0-20 + 0-05) ev, the mean of a number of 
measurements on six crystals. The activation energy of this photoconductance process was 
also (0-20 + 0-05) ev, from measurements of J, as a function of T before heating above 50°. 
This estimate also was made from measurements on six different crystals. 

The occurrence of a maximum in the curve ABC may be understood if there is formed at 
elevated temperatures a layer of a compound of oxygen with anthracene. This layer then 
prevents the usual promotion of J, by oxygen by preventing the usual effect on the double 
layer. The layer responsible is most likely to be anthraquinone (see below). Another 
explanation altogether has been suggested ® to explain the maximum in the curve ABC. 
Sublimation was assumed responsible. The incident-light intensity was thought to be reduced 
by the presence of anthracene vapour between the crystal and the cell wall and also by the 
condensation of anthracene powder on the cell wall. However, light absorption by anthracene 
vapour is much too weak to explain the observed peak. The results shown in Fig. 4 were 
obtained by using the jacketed cell. Heat supplied by the hot liquid which circulated through 
the glass jacket was conducted by gas molecules from the hot inner glass wall to the crystal. 
Sublimation occurred at elevated temperatures and a white anthracene powder was slowly 
formed on the upper unheated portion of the cell. The exciting radiation was directed on to 
the crystal through the hot circulating liquid and the heated glass walls. Thus no anthracene 
condensed on the hot glass wall and so the incident light was not absorbed in this way. 


* Rosenberg, personal communication. 
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The influence of the crystal surface on J, being so great, the chemical nature of the surface 
was investigated. 

Photo-formation of Anthraquinone.—Anthracene crystals irradiated in air above 60° became 
coated with a yellow material on the irradiated surface. This effect was much less evident 
after long irradiation at room temperature, than above 60°. The yellow surface compound 
was identified as anthraquinone by three tests: (a) A deep red coloration in alkaline aqueous 
alcohol containing zinc dust. (b) Absorption (in EtOH) from 5000 to 4400 A (see Table 1); the 
amount of anthraquinone formed on the surface at room temperature increased with the time 


Fic. 4. The dependence of 1, upon temperature, in air. 
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of irradiation. (c) Polarograms (Fig. 5) of the coloured crystals and of anthraquinone, both 
showing a half-wave potential at — 0-40 v referred to a saturated calomel electrode in an aqueous 
dioxan solution of pH 5-6. 

Formation of Anthraquinone from Anthracene Peroxide.—Anthracene peroxide was unstable 
both in solution and in the solid form at room temperature. Anthraquinone was identified 


TABLE 1. The optical density (x 10%) of the anthraquinone formed at the surface of 
0-100 g. of irradiated anthracene crystals. 


(The exposed anthracene crystals were dissolved in 5 ml. of an ethanol-carbon disulphide solution 
of glacial acetic acid; this solvent ! was also used in the reference cell. The path length of the solution 
was 2cm. The average thickness of crystals was about 20 y.) 


Time of 
exposure: 5min. 5min. 15 min. 1 hr. 1 hr. 2 hr. 5 hr. 7 hr. 7 hr. 
d (A) 
5000 
4900 
4800 
4700 
4600 
4500 
4400 


10 17 24 { 

i 12 19 8 

9 5 13 23 34 
9 5 17 28 42 
10 22 35 50 
10 6 27 42 60 
13 22 7 33 50 72 
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spectroscopically as one decomposition product. Absorption peaks (in EtOH) common to 
pure anthraquinone and solid anthracene peroxide stored for 3 months at room temperature 
occurred at 2530, 2720, and 3300 A (infl.); an anthracene peroxide solution, stored for 3 
days had peaks at 2540, 2720 (infi.), and 3280 A in EtOH and at 3330, 3200, and 2700 A in 
hexane. Anthracene was not detected as a decomposition product. Anthracene peroxide 
decomposed more rapidly in solution than as a solid. Light accelerated the decompositions, 
yet peroxide solutions stored in complete darkness yielded a detectable amount of anthra- 
quinone at room temperature within a day. 
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Polarographic evidence also indicated that the peroxide decomposed both as a solid and in 
solution (see Fig. 5). The half-wave potential of the peroxide measured with respect to the 
saturated calomel electrode was almost zero and was strongly pH-dependent. At pH 7-0 
and 5-6, the half-wave potential was at —0-003 and about +-0-30 v, respectively. The polaro- 
grams in Fig. 5 show that the decomposition yielded at least one intermediate product with a 
half-wave potential of —0-104 v at pH 5-6. However, the height of the wave at —0-104 v 
slowly decreased during a period of hours and the anthraquinone wave at —0-40 v (pH 5-6) 
appeared. The polarogram of some solid peroxide kept at room temperature for 3 months is 
also shown in Fig. 5 (curve 4). The reduction waves, therefore, show the presence of the 
peroxide, the quinone, and the unstable intermediate. 

Photo-formation of Anthracene Peroxide.—From kinetic studies, Bowen and Tanner ! 
concluded that the formation of anthracene peroxide in solution is initiated by anthracene 
molecules in triplet states. Evans ™ has recently shown that the presence of oxygen in an 
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anthracene solution relaxes the symmetry rules that forbid the appearance of singlet—triplet 
electronic transitions, so that these transitions appear with increased intensity. At the surface 
of an anthracene crystal, adsorbed oxygen molecules are close to anthracene molecules. Mixing 
of the anthracene singlet and triplet levels should again occur, so that the probability 
of populating the lowest anthracene triplet level should be increased. For this reason a search 
was made for anthracene peroxide on the illuminated surfaces of anthracene crystals stored 
in oxygen. 

Anthracene crystals about 20 u thick, which were obtained by sublimation in nitrogen, were 
exposed in air to the light from a mercury lamp. The exposure time was varied. The crystals 
after irradiation were analysed quantitatively for anthracene peroxide by comparing the results 
from various crystal batches with those from pure peroxide samples 1° treated in the same way. 

One method of analysis estimated spectrophotometrically the amount of iodine liberated by 
the peroxide in carbon disulphide from an alcoholic solution of potassium iodide and acetic 
acid. Since anthraquinone is formed on the crystal surface on prolonged irradiation, and 
iodine and anthraquinone both absorb light of wavelengths between 5000 and 4000 A, it was 
necessary to estimate the amount of anthraquinone before the alcoholic potassium iodide 
solution was added: the amount of the peroxide present was calculated from the difference in 
the absorption before and after the addition of the iodide solution. 

The results of the estimations of the peroxide are summarized in Table 2. All measure- 
ments were carried out with cells of 2 cm. length in a Uvispek spectrometer. The concentration 
of exposed anthracene crystals in the solution is quoted for each series of measurements. 
Readings at wavelengths below 4300 A were disregarded since absorption is expected there by 
the very strong solutions of anthracene. Because the peroxide concentration was at the 


10 Bowen and Tanner, Trans. Faraday Soc., 1955, §1, 475. 
1 Evans, J., 1957, 1351. 
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limit of detection, a large number of readings were made under different conditions; the time 
of exposure was increased until the crystals were noticeably yellow (anthraquinone absorption 
then interfered) and the concentration of exposed crystals was increased beyond the limit of 
solubility with the excess filtered off. Scrupulous care was taken in cleaning the cell end- 
plates and in setting the cell in its compartment in a reproducible manner. However, since 
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TABLE 2. The optical density (x 10°) of todine liberated by the peroxide formed at the 
surface of irradiated anthracene crystals after correction for the anthraquinone formed 





simultaneously. 
Time of 

exposure : 0 5 min. 15 min. 1 hr. 2 hr. 3hr. 5 hr. 7hr. 9 hr. 
A (A) es!) a cers - ~ _~ co ——_-_+ 
5000 2-1 0 8 5 —1 0 4 2 6 ] 7 1 3 2 7 7 8 
4900 2 -l 0 9 5 0 0 5 4 6 1 9 6 3 2 6 10 9 
4800 2 0 vo 10 5 0 0 5 4 7 1 10 10 4 1 6 10 10 
4700 2 1 O ll 5 2 0 4 6 6 1 ll 23 5 2 5 9 8 
4600 2 rt @ 4 0 ._ - = 2 3. ws 3 3 610 9 
4500 1 6 0 12 5 6 2 5 9 Ss 1 15 50 7 0 5 12 13 
4400 l 6 0 1 5 6 l 4 8 9 0 17 62 s 3 6 15 13 

Wt. of 


crystals* 25 30 13 13 29 29 10 10 30 12 13 141 90 88 71 12 13 = «12 


* This weight (mg.) of exposed anthracene crystals was dissolved in 5 ml. of an ethanol-carbon 
disulphide solution, potassium iodide, and glacial acetic acid.1° The path length of the solution was 
2 cm. ' 


any error arising from this source would be constant over the spectral region used, it was 
eliminated by taking the optical density reading at the longest wavelength as a reference point 
and subtracting this value from the optical densities observed at the lower wavelengths. The 
adjusted optical densities are shown in the Tables and are propertional to the concentration 
of iodine. 

The optical densities although small are significantly positive; only two of the 105 readings 
were negative. It may be concluded, then, that anthracene peroxide is formed at the surface 
of anthracene crystals. 

A solution of pure anthracene peroxide at a concentration 0-1 mg./10 ml., treated in a 
similar way, gave optical density values for the iodine absorption of 0-074 at 5000, 0-102 at 
4900, 0-136 at 4800, 0-182 at 4700, 0-240 at 4600, 0-316 at 4500, 0-424 at 4400, 0-578 at 4300, 
and 0-752 at 4200 A. These values are the means of three sets of readings. From them it was 
deduced that at most only about two molecular layers at the surface of irradiated anthracene 
crystals are converted into the peroxide. On crystals not irradiated an almost negligible 
amount of peroxide was detectable. 

The height of the reduction wave in polarographic measurements confirmed the presence 
of anthracene peroxide. This method was not exhaustively studied, for the concentration of 
the peroxide present on the crystal surface again was at the limit of detection. However, the 
polarogram taken on exposed crystals (curve 6 of Fig. 5) showed (i) that there was a small 
increase of the wave height at zero potential where the anthracene peroxide wave was expected. 
The increase was about twice the magnitude of the error involved in reproducing the results 
and is thus significant. The wave height corresponded to the conversion of about three molecular 
layers of the anthracene crystal into the peroxide. Also (ii) the anthraquinone wave appeared 
at —0-40 v, and (iii) a wave appeared at about —1-0v. Most significantly, this wave appeared 
at about the same reduction potential (—1-0 v) as was expected for the intermediate product 
in the decomposition of the peroxide to the quinone. This observation supports the conclusions 
that some peroxide was formed at the irradiated crystal surface and that the peroxide decom- 
posed to the quinone through an intermediate. The quinone observed on the irradiated 
crystal surface therefore may be formed via the peroxide. 

Photo-conductance of the Photochemical Products—Anthracene peroxide and anthraquinone 
were tested for photo-conductance by using an amplifier which could detect 10- amp. 

Anthraquinone crystals were grown from aqueous alcohol as long needles. A number of 
these crystals was mounted across the electrodes by using ‘‘ Aquadag ’’ after it was ascertained 
by observation under a polarizing microscope that all were single crystals. No photocurrent 
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could be detected even when the applied field strength was increased to 3000 v/cm. and the 
light intensity was increased to a maximum. In this experiment, the mercury lines were 
separately directed on to the crystal, but no wavelength down to 2537 A was effective in 
exciting a measurable photocurrent. 

No large single crystals of anthracene peroxide could be grown by recrystallization. 
Sublimation methods and growth from the melt were obviously not appropriate. However, 
a multicrystalline mass, formed by pressing the product firmly on to the filter-paper during the 
final recrystallization, was used. Again no photocurrent was observed even in the low wave- 
length region (less than 2500 A) where, from a consideration of the solution spectrum," the 
solid sample was expected to absorb. 


THE UNIVERSITY OF SYDNEY, SYDNEY, N.S.W., AUSTRALIA. [Received, April 11th, 1960.] 
12 Gillet, Bull. Soc. chim. France, 1950, 1135. 





999. Photo- and Semi-conductance in Organic Crystals. Part 
VII.* Space-charge Effects in Anthracene. 
By L. E. Lyons and J. C. MAckKIE. 


Space-charge effects in the photo-conductance of anthracene crystals 
influence the spectral response in both sandwich and surface cells. The 
voltage- and time-dependence of the photocurrent also vary with the space- 
charge. Infrared radiation of wavelengths 1-5—2 pu is able to reduce the 
space-charge by releasing trapped charge. 


A SPECTRAL response of photo-conduction in anthracene has been reported several times 
previously.** On a number of occasions, there’ has been observed a close similarity 
between the spectral dependence of the extinction coefficient, ¢, and that of the photo- 
current, J.1%? In various places types of spectral response differing from the general 
shape of the absorption spectrum have been reported.** 

Recently, the spectral responses have been determined by Ferguson and Schneider ® 
with new arrangements of the electrodes and a suggestion made which associated the 
similarity or dissimilarity between the absorption spectrum and the spectral response 
with whether the light beam fell on the same surface of the crystal as the electrodes (front 
illumination) or on the opposite ‘‘ back ”’ surface. We have obtained the spectral response 
under various conditions to test this and other theories.+® Although Ferguson and 
Schneider’s experimental results, inter alia, have been confirmed yet some of their con- 
clusions must be changed. Alternative explanations in accord with general expectations 
for near-insulators are advanced to account for the results. These involve an emphasis 
upon the effects of space-charge. 


EXPERIMENTAL 
Surface currents were measured by means of the D.C. amplifier described previously.‘ 
Bulk currents were detected by means of a vibrating-reed electrometer capable of detecting 
less than 10° amp. Currents could be recorded continuously by means of a Varian G10 
recorder. For the surface effect, anthracene crystals were grown by sublimation in an inert 
atmosphere. These crystals were generally transferred to a clean silica disc to which their 
developed ab face adhered strongly. Electrode material of ‘‘ Alcadag ’”’ or silver was painted 


* Part VI, preceding paper. 
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on to the ab face by means of a fine brush, care being taken not to overlap the edges of the 
crystal with material when such a mounting was necessary. Electrical contact could then be 
effected by attaching the electrodes to thin platinum wires sealed into polystyrene. For the 
measurements on bulk photocurrents, sections 0-5—3-0 mm. thick were cut from a long 
cylindrical crystal. On one ab face a semi-transparent grid electrode of either silver or Alcadag 
was painted. On the opposite face was painted a guard ring together with the other electrode. 

Spectral dependences were determined by using a Beckman D.U. spectrometer as a mono- 
chromator. The light source was a tungsten projector lamp whose radiation could be polarized 
by a polaroid sheet. By means of focusing the light from the exit slit of the monochromator 
on to a narrow variable slit, the effect of the geometry of the exciting light beam could be 
studied. Provision was also made for simultaneous background illumination of the crystal 
when required. 
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Results for the sandwich cell are summarized in Figs. 1 and 2. In Fig. 1, the various 
curves show the relative magnitudes of the currents, those on curve (a) having been reduced 
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to one-fifth of the original values. Only a slight variation in the results followed from the use 
of light polarized in the a crystal direction rather than the b. 

Fig. 2 shows the variation of J, the current in the sandwich cell, with time, ¢, after the light 
had been switched on and off. The curves (a) show the effects of light of two different wave- 
lengths. Light of wavelength 4000 A gives a peak in the J,-¢ curve, but that of wavelength 
4358 A does not. For (6), light of both wavelengths was combined in the ways shown in the 
Figure. Figs. (2)c and (d) show the effects of combining with light of 2 4000 A two ranges of 
red and infrared radiation. The infrared light is shown to have a marked effect, which becomes 
greater when the range is extended from 15,000 to 20,000 A. 


DISCUSSION 

We are first concerned with the spectral response of Jz. The occurrence of space- 
charges in sandwich cell arrangements has been observed many times. Kallmann and 
Rosenberg studied many light-induced polarization effects but did not discuss the 
spectral dependence of Jz. Compton, Schneider, and Waddington ° and also Lyons and 
Morris * reported J,—¥ (or 4) curves which showed a peak at frequencies less than that of 
the first peak of the e-v curves. The Canadian authors explained the peak in terms of a 
greater recombination of carriers when the light was strongly absorbed. The others 
expected I, to be independent of wavelength for a thick crystal which absorbs all the 
light, and attributed the observed peak to a double layer of charge at the electrode. In 
both cases space-charges and trapped carriers were recognized. Kommandeur and 
Schneider ® later concluded that the main feature of the J,—’ curves is that their maxima 
corresponded to minima in the e-a curves. These authors showed graphs in which 
Ip x 1/+/e, a result derived by them on the assumption that I, was limited by recombin- 
ation. Space-charges were recognised and used to explain a number of results, but the 
peak in the 7,—A curve was explained in terms of recombination. 

For illumination of the positive electrode, the present work shows [Fig. 1, curve (a)] 
that it is possible to find conditions of sufficiently high field under which Jz does become 
independent of ¥ in regions of absorption. This is the result expected earlier * but not 
found. The drop in Iz at about ¥ 24,900 cm. correlates fairly well with the drop in the 
absorption. In this case there is thus a similarity between the J,-v and Ly.—v curve 
measured on the same crystal (Lay. is the light absorbed). It is clear also that J, is 
independent of the value of ¢ over a large range and therefore independent of the region 
in the crystal in which the carriers are formed (cf. ref. 11). 

When the applied field, V, is reduced, the magnitude of I falls considerably more than 
even an Iz « V* relation would predict. At the same time maxima and minima appear 
in the J,—¥ curve, but these do not coincide with the inflections in the e—¥ curve, or even 
with each other. We now assume that both the reduction in the magnitude of J, and the 
appearance of maxima and minima are due to the formation of space-charges. At 
sufficiently high values of the applied field the space-charge effect is minimised because 
the carriers are so strongly drawn to the electrodes. At lower fields the dependence on 4 
arises from differing regions of formation of carriers with differing «. The space-charge 
effect is most simply considered as a reduction in the field within the crystal. 

The reason for the occurrence of a peak in the /,-¥ curve is that, as ¢ increases, the 
space-charge effect increases and so IJ, decreases. At lower values of ¥, I, decreases 
because of a fall-off in the light absorbed by the crystal. This fall-off has been discussed 
before (¢.g., ref. 6). 

The variation of I, with V? provides evidence for space-charges. In addition J, 
curves (Fig. 2 and refs. 5—6) give further evidence. The variation of the 7,-¢ curves with 
¥ supports the above interpretation of the J,-¥ curves. The curves in Fig. 2(a) show 
that space-charge occurs with light of 2 4000 A but not of 2 4358 A, when the carriers 


” Kalimann and Rosenberg, Phys. Rev., 1966, 97, 1606. 
" Goodman, J. Appl. Phys., 1969, 30, 144, 
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are produced more uniformly throughout the crystal. Curve (6) shows that space-charge 
is produced by light of 2 4000 A even when illumination by 4358 A light occurs simultan- 
eously. The same thing is true, but to a much smaller extent, when 2, (6000—15,000 A) 
is used instead of 4358 A [curve (c)]. When a, is used after the 4000 A light has been 
switched off for 2 min., a maximum in the J,-¢ curve is obtained [curve (c)]. A 
similar peak is not obtained with 4358 A light instead of 2,. The peak is attributed to 
the partial liberation by 4, of trapped carriers which absorb the red-infrared light. 2, 
shows a similar but more pronounced effect than 2. The difference between the effects 
of 2, and 2, is consistent with the liberation of the more deeply trapped carriers by quanta 
of energy, ca. 0-8 ev. Some earlier results of Goldsmith may be explained along similar 


























20 
o 10 
2 
Fic. 3. (i) Polarized absorption spectrum of crystal (Bree 
and Lyons, J., 1956, 2663). (ii)—(ix) Spectral re- _— 
sponses of photoconductance in the surface cells indic- = 
ated: (ii), (iv), (vi)—(ix), front illumination; (iii), c 
(v), back illumination. = 
b,a refer to electric vectors of the light which are parallel . 
and perpendicular to the b crystal axis. The current e 
scale is only approximately constant in the various > 
cases (ii)—(ix). rad 
< 
— 
Fi 
eS 














24 #2 #2 2? 28 
Wave-number (10° em-) 
lines. Traps are possibly anthracene molecules or negative anthracene ions (cf. refs. 4, 13). 

The near-infrared absorption spectrum of a 1-0 mm. thick anthracene crystal was 
measured. Besides the presence of vibrational bands, overall absorption of extinction 
coefficient about 0-5 occurs in the region 20,000—20,000 A. Thus such a crystal transmits 
a considerable fraction of incident red—infrared radiation. 

The results for the surface cell are shown in Figs. 3—7. The observed spectral response 
was corrected to equal amounts of absorbed energy, reflection losses being neglected. 
Fig. 3 shows the effect of varying arrangements of the electrodes and the light beam. 
The chief result is that when light fell over the entire area between two elongated and 
parallel electrodes [Fig. 3(ii) and (iii)] the current was much larger than in any other case 
and also the J,-¥ curve resembled the e«-¥ curve. The same result was obtained whether 
the light fell on the front or the back surface. Ferguson and Schneider * made no mention 


** Goldsmith, Ph.D, Thesis, Purdue, 1955 
* Bryant, Bree, Fielding, and Schneider, Discuss. Faraday Soe., 1959, 38, 48. 
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of the relative magnitudes of J, with different electrode arrangements but observed the 
resemblance between the J, and the e dependences upon ¥, as had earlier workers }* with 
similar electrode arrangements to that used in Fig. 3, (ii) and (iii). With other electrode 
arrangements Ferguson and Schneider obtained different J,-v curves and attributed the 
differences to whether the light fell on the front or the back surface. In Fig. 3 curves 
(iv)—(vi) show that the J,-¥ curve varies with the arrangement of the electrodes whilst 
the light covers the crystal. Curves (vii)— (ix) show results obtained when the light fell 
only on a restricted area, as indicated in the diagrams. 

The resemblance to the e—v curve is most pronounced in curve (vii), in which both the 
light and the electrodes were entirely on the front surface. Such a resemblance cannot 
therefore be attributed to illumination of the back surface, as was done previously. The 


Fic. 4. Photocurrent-applied voltage/cm. 
curves for wavelengths indicated in sur- 
face cell of Fig. 3 (vi), 6 polarization. Fic. 5. Photocurrent-applied voltage/cm. curves 
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more nearly did the light fall on an area of homogeneous field the more the similarity to 
the absorption spectrum was evident. In both the bulk and the surface cells those 
experiments in which J was reduced by the arrangement employed were also those in 
which the J-¥ curve was varied. In both cases the variation resulted in the appearance 
of a peak in the J-¥ curve at values of ¥ below the value at which ¢ isa maximum. The 
similarity of this behaviour leads to the enquiry as to whether the cause is not also similar. 
Fig. 4 shows that, with certain electrode arrangements corresponding to curve (vi) of 
Fig. 3, the J,-V curve is not linear but tends to become so at higher fields. The variation 
is towards an J,-V? relation and suggests that space-charges may indeed be influencing 
the result. The result holds for various wavelengths. However, with the dot electrodes, 
corresponding to curve (iv) of Fig. 3, a linear relation holds at all but low fields (Fig. 5). 
In this case of considerable inhomogeneity of field it is hard to predict the voltage- 
dependence expected in the presence of space-charge. 

Further evidence of space-charges was obtained from J,-t curves (Fig. 6). When 
2 = 4000 A a small but definite decrease in J, from its maximum value occurred with time. 
Subsequent illumination with 2, in the absence of 4000 A light gave a maximum in /, 
although irradiation with », without the previous use of 4000 A gave no detectable current. 
The simultaneous use of 7, ‘with 4000 A light removed the fall-off in J, from its maximum 
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value and also reduced the current caused by subsequent irradiation with 2. We 
attribute the fall-off in the first case to the formation of space-charge, and the current 
caused by 2, to the liberation of trapped charge, which also removed the fall-off in J, 
during simultaneous illumination. Fig. 6 also shows the effect of a strong field. J, now 
gradually rises so that it appears that a space-charge forms initially but is gradually 
reduced with time. 2, employed subsequently produced a current showing that the high 
field had not removed all the space-charge. 

The effect of 2, was also seen on the J,-v curves. The theory is advanced in this paper 
that the departure of the /,-v curve from the e— curve is due to space-charge. Since a, 


Fic. 6. Photocurrent-time curves for surface cell of Fig. 3(iv). 
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removed space-charge, then the use of A, together with other radiation which produced 
space-charge should change the J,-v curve and make it more closely resemble the ¢-¥ 
curve. Fig. 7 shows that this is in fact the case. Not only do the maxima in the resultant 
curve appear nearer to those in the ev curve, but also the magnitude of J, increases in 
the regions of high absorption, thus providing further evidence that space-charge was 
being removed by 2. 

The existence of space-charges in the dark has been recognised previously by Gold- 
smith,"* by Kallmann and Rosenberg,’ and by Kommandeur and Schneider. A survey 
of the literature shows that there is considerable evidence that all the values reported for 
the dark conductivity of anthracene have been limited by space-charge. A similar 
conclusion applies to many values reported for other organic materials. The evidence 
is of two types: (i) the current-time curve after the field had been switched on and off, 
and (ii) the current-voltage relationship. Type (i) has been discussed briefly before.® 
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Type (ii) for anthracene can be found in the work of Mette and Pick ™ and of Riehl, 
Northrop and Simpson,!* and Inokuchi.” All these workers report an ohmic relation at 
fields up to about 3500 vcm.*!. At higher fields the currents are relatively greater. This 
can be associated with the decreasing importance of the space-charge. The fact that an 
ohmic relation is obtained at lower fields does not mean that space-charge is absent; it 
merely means that the polarization is proportional to the applied voltage. Kallman and 
Rosenberg # have shown that such a proportionality does in fact exist. It is possible, 
but by no means certain, that the temperature coefficient of semiconduction will remain 
unchanged when the effects of space-charge are allowed for. Some of the conflict in the 
existing 1’ results in the temperature coefficients might well be removed. The increase 
of the current above the ohmic relation commences at lower fields when the temperature 
is raised.17_ This again is consistent with a space-charge interpretation of the results. 


We are grateful to Dr. F. Lipsett for supplying some of the single crystals used, and to the 
Commonwealth of Australia for a post-graduate research studentship granted to J. C. M. 
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14 Mette and Pick, Z. Physik, 1953, 184, 566. 

18 Riehl, Zhur. Fiz. Khim., 1955, 29, 959. 

18 Northrop and Simpson, Proc. Roy. Soc., 1956, A, 234, 124. 
17 Inokuchi, Bull. Chem. Soc. Japan, 1956, 29, 131. 





1000. Photo- and Semi-conductance in Organic Crystals. Part VIII* 
Photo-emission of Electrons from Crystals of Aromatic Hydrocarbons. 


By L. E. Lyons and G. C. Morris. 


Photo-emission of electrons from single crystals has been studied and 
thresholds have been found for naphthacene (5-26 ev), anthracene (5-65), 
chrysene (5-73), naphthalene (6-76), phenanthrene (6-45), pyrene (5-81), 
1,2-benzanthracene (5-68), and _ 1,2:5,6-dibenzanthracene (5-69). The 
behaviour is similar in all cases to that expected for semi-conductors. The 
photoemission yield is ca. 6 x 10° electrons/quantum in all cases. Thres- 
holds were found at slightly lower energies than predicted previously, 
occurring at an energy lower by 1—2 ev than the gaseous ionization potential, 
a decrease attributed to polarization of the crystal by the remaining positive 
centre. Various properties of the currents are reported and discussed. 


PHOTOELECTRIC emission from aromatic hydrocarbons was apparently first recorded by 
Pochettino ! who studied anthracene and observed behaviour roughly similar to that in 
metals. The threshold of photoemission was studied by various authors ? in the following 
six years. The only aromatic hydrocarbons studied before the present work are anthracene, 
naphthalene, and phenanthrene. With the exception of one paper * on anthracene and 
phenanthrene, no work has been reported for over forty years. Interest in the semi- and 
photo-conductance of these substances recently has been considerable, and as a preliminary 
to extending the photo-conductance studies into the spectral region above 50,000 cm. it 
was necessary to understand the photo-emission phenomena in order to avoid confusing 
the two effects. Studies on single crystals had not been made before, and the present 
work even on anthracene is novel in this respect. There has been proposed * a semi- 
empirical theory to predict the photo-emission threshold. 


* Part VII, preceding paper. 

1 Pochettino, Atti reale Accad. Lincei, 1906, No. 1, 355; No. 2, 17. 

2 See refs. in Hughes and DuBridge, ‘“‘ Photoelectric Phenomena,” Ist edn., McGraw-Hill Inc., 
New York, 1932. 
* Carswell and Iredale, Australian J. Appl. Sci., 1953, 4, 329. 
* Part V, Lyons, J., 1957, 5001. 
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EXPERIMENTAL 


Two cells were employed: (a) A brass cylinder with a fluorite window. ‘The collector was 
either the cylinder itself or a brass plate whose surface was shielded from the incident 
light by glass. The emitter was attached to a silica disc by “ Aquadag ’’ which formed the 
electrical contact. (b) A glass sphere about 8 cm. in diameter with an aperture for the incident 
light. The emitter was approximately in the centre of this sphere and was attached by 
“ Aquadag’”’ to a metal rod. The collector was an ‘‘ Aquadag ’’ coat on the inside of the 
sphere. No significant potential gradient existed in the collector. The photoelectric behaviour 
of Aquadag is well known and its work function remains fairly constant at 4-75 + 0-10 ev. 
Aquadag is a poor electron reflector, and so distortions of the current voltage curves are 
decreased. Cell (a) could be evacuated to less than 10° mm. Hg, but cell (b) depended for its 
vacuum upon that in the spectrograph, usually about 10“ mm. Hg. Cell (a) was used when it 
was unnecessary to deal with the true energy distribution of the emitted electrons, and when 
largest currents were wanted, for it was possible to orientate several single crystals to give a 
larger emitting area. Cell (b) was used generally, and always when undistorted current-voltage 
relations were wanted. However, the current—light intensity, current-time, and current-incident 
photon relations did not depend significantly on the type of cell. 

The absolute measurement was made by using a calibrated Schwarz linear thermopile 
(sensitivity 7-7 zv/uw ina vacuum). A Perkin-Elmer amplifier model 107 or a Pye microvolt- 
meter and amplifier amplified the output. Relative intensities were obtained by using fixed 
entrance and exit slits and measuring the fluorescence intensity from a sodium salicylate coating 
on glass by a 1P28 photomultiplier.® 

The spectrograph was a Hilger 3-metre normal-incidence, concave-grating, vacuum-spectro- 
graph used in the first order (dispersion 5-78 A/mm.). The rough wavelength scale was replaced 
by a scale calibrated with mercury and hydrogen emission lines to read to 0-5 A. Inthe photo- 
multiplier post, directly behind the slit, the cells were aligned, electrical connections being made 
through a ‘‘ Perspex’’ plate Rotation of the wavelength handle simultaneously rotated the 
grating and camera to maintain focus, but did not significantly alter the position of the light 
beam incident on the crystal. 

Crystals of naphthalene, anthracene, phenanthrene, naphthacene, pyrene, chrysene, 1,2- 
benzanthracene, and 1,2:5,6-dibenzanthracene were used as photoemitters. Single crystals 
formed by sublimation in an inert atmosphere were used in preference to films formed by 
vacuum-sublimation which are often microcrystalline deposits. It was possible to grow 
naphthalene and anthracene crystals 10 mm. x 10 mm. of varying thickness. The other 
substances gave crystals up to 5 mm. x 5 mm. with varying thickness. The face developed 
was the (001) plane except for the benzanthracenes which gave the (010) plane as the well- 
developed face. For pyrene and phenanthrene, the developed (001) face would twin along the 
(010) face unless the cooling conditions after sublimation were carefully controlled. Anthracene 
and naphthacene were the most thoroughly examined, because their absorption spectra and 
photoconduction properties were also being investigated. 

The purification of the substances has been described.” Unclean surfaces affect the emission 
properties of many substances.2 Any attempt to follow the rigorous outgassing and cleaning 
techniques * usually employed for metals and semiconductors was not feasible and was probably 
unnecessary to a large extent. The relatively high vapour pressure of these hydrocarbons, 
ranging from ca. 10°? mm. Hg for naphthacene to ca. 10° mm. Hg for naphthalene at 300° k, 
meant that in most cases the surface was cleaned by sublimation from the crystal into the 
liquid-air traps employed when pumping. For naphthalene this evaporation was too rapid 
to permit measurements on the crystals used (about 2 microns thick) for more than 30 min. 
Anthracene crystals under similar conditions lasted for some hours. Naphthacene lasted 
several days, and in this case the evaporation may not have been sufficient to clean the surface 
thoroughly. The emission properties did not alter significantly after evacuation for several 
days. 


* Apker and ‘Taft, Phys. Rev., 1950, 79, 964; 1951, 81, 698, 814, 1496; Apker, Taft, and Dickey, 
ibid., 1948, '74, 1462. 

* Dejardin and Schwegler, Rev. Opt., 1934, 18, 313, 353; Johnson, Watanabe, and Tousey, J. Opt. 
Soc. Amer., 1951, 41, 702; Watanabe and Inn, ibid., 1953, 48, 32. 

? Part ILI, Lyons and Morris, J., 1957, 3648; Morris, M.Sc. Thesis, Sydney, 1957. 
8E 
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The possibility remains that the evacuation produced surface irregularities in that evapor- 
ation may have been faster at some parts of the crystal surface than at others. Photo-oxides* 
on the surface of the crystals were also possibly present. Care in the preparation of the crystal 
would ensure that little photo-oxide occurred at this stage, but since the crystal mounting was 
conducted in both air and light, some would be formed; however, no effect of this was noted, 

An Allen-type hydrogen lamp was used with a band pass of about 5 A. The lamp output 
was determined both in absolute units and also in relative units at frequent intervals. The 
cell was placed behind the exit slit. 

The collector bias could be altered by a variable d.c. battery power supply. The photon 
intensity could be altered by the entrance slit, or by one of the four pre-adjusted exit slits put 
in position by moving the plate-racking device. The emission current was amplified by a 
vibrating-reed electrometer (Electronic Industries Inc., Model 33C) and recorded by a Varian 
Associates recorder model G10. The collected current was also measured but it was preferred 
to record the emission current. Stability of the amplifier utilizing a 10 in. diam. potential 
drop resistor was better than 10°" a and the time constant was about 3 sec. 

Glass shields removed unwanted light. A piece of glass replacing the crystal gave no current, 
The crystals used were thick enough (2—10 microns usually) to absorb all the incident radiation, 
Sufficient voltage, ca. 10 v, was used on the collector for a saturation current to be registered, 
Current—time relations were always obtained to ensure that a steady state was reached. Stray 
light was measured by various means. Photon energies above 9-2 ev were excluded by the 
light’s passing through a fluorite window. Scattered light below 5500 cm. was checked by 
using as a filter a layer of air 1 cm. thick in a piece of fused silica, whilst a photomultiplier was 
set to measure light energies above 55,000 cm.}. Filters of glass, fused quartz, air, and 
, synthetic sapphire were used A measure of the photoemission from the crystal in the region 
of zero light transmission showed that, up to 66,000 cm."1, stray light produced less than a 10% 
error in the current. Above 66,000 cm. the signal-to-stray light ratio became so small that 
measurements were made to 70,000 cm. only. The stray-light intensity here produced about 
a 30% error in the current. 


RESULTS 


Current-Time Relation.—Time effects greater than 5 sec. were registered reliably. With 
sublimation flakes a current steady with time for an hour or so was usual. With rather thick 
emitters (ca. 2 mm.) the current slowly decayed during several seconds but finally reached a 
steady value. When the crystal evaporated readily, e.g., with naphthalene, the current 
gradually decayed to zero. Evidently, as the crystal became thinner by evaporation, the 
incident light was not fully absorbed, and so the photoemission yield decreased. 

A change in the photon energy did not affect the results noticeably. Energies near the 
threshold value could not be completely investigated because of the small yield in this region. 
No noticeable effect was found for an alteration in the light intensity from about 10° to 10# 
quanta per sec. (Q/sec.). In this latter case, polychromatic light was used. 

Current-Light Intensity Relation.—The light intensity was varied 50-fold by calibrated 
neutral filters. A representative set of results for three substances at one photon energy is 
given in Fig. 1. Other substances behaved similarly. A change in the photon energy did not 
affect the linearity of the relation. 

Current—Field Strength Relation.—Results were obtained by using monochromatic light. 
Before any voltage was applied, the value of the emission at zero volts was taken to enable 
the difference from the zero reading to be recorded. Figs. 2 and 3 show the relation for 
anthracene and naphthacene crystals, different photon energies being used. (The ordinate 
has been scaled so that the saturation currents at different wavelengths coincide, thus making 
allowance for alterations in both yield and light intensity.) Other hydrocarbons gave similar 
curves. The J.-E relation did not depend on the light intensity over the ten-fold range used. 
It was, however, different for thick crystals (2—3 mm.). A reverse current was produced at 
voltages more negative than 1-2 v, a fact attributable to the presence of stray fields. Further, 
in thick crystals, the value at which the curve plunged into the abscissa altered with both the 
thickness of crystal and the time of illumination. Because of these effects, observations were 
confined to thin crystals. 

Current-photon energy curves. These are given for such substances in Figs. 4—6 for a 

* Bree and Lyons, J. Chem. Phys., 1956, 25, 384, 1284. 
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Fic. 2. Normalized photo-emission current—voliage 
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constant number of quanta incident on the exit slits. The slits were kept constant when the 
wavelength was altered, and the results then corrected for the spectral distribution of the light 


source. 
The results in Fig. 4 are the average of about five different crystals for both anthracene and 


naphthacene. The general shape of the curves did not alter significantly from crystal to 
crystal, although the magnitude of the photo-emission current varied over about a four-fold 
range at lower energies, but very little at higher energies. The results in Figs. 5 and 6 are the 
average of two crystals for each substance. Naphthalene and phenanthrene were also 
examined, but owing to their rapid rate of evaporation the results were not very reproducible. 
The threshold frequencies were reliably obtained, however, as several readings could be obtained 
before evaporation affected the results. 

The use of polarized light would have been helpful in all experiments, but especially in the 
determination of the spectral distribution. Insufficient light intensity was available for such 


measurements. 
Threshold frequency. This is given for each hydrocarbon studied in the Table. The threshold 


is taken by extrapolation to a quantum yield of 10 electron per incident quantum. Boltzmann 
factors do not explain the observed tailing off in the photo-emission at lower energies. 


Threshold values of the photon energy required for photo-emission. 
Threshold Threshold 
Compound (A) (cm) ev Compound (A) (cm.*4) 
Naphthalene 54,500 6-76 1,2:5,6-Dibenzanthracene 2180 45,900 
Phenanthrene 940 6-45 1,2-Benzanthracene 45,800 
5-81 Anthracene 45,600 
5-73 Naphthacene 42,400 


DISCUSSION 

Space-charge might be expected to be a difficulty, with hydrocarbon crystals since their 
D.C. resistivity is about 107 ohm cm~. Definite effects were observed only with thick 
crystals. With very thin crystals a constant photo-emission current with time was 
obtained. Although this in itself does not prove the absence of space-charge it is consistent 
with the existence of only a small charge. Even a small voltage drop (0-2 v) across the 
crystal would be sufficient ® for space-charge effects to be almost completely reduced. A 
negative result was obtained in an experiment in which the light causing photo-emission 
was supplemented by other radiation designed to neutralize any space-charge. This 
second radiation was of a wavelength absorbed appreciably by all layers of the crystal 
in its path. The lack of any increase in J, showed that space-charge effects were 
unimportant. 

The Magnitude of the Currents and their Spectral Dependence.—Figs. 4, 5, and 6 indicate 
that caution must be used when discussing current magnitudes. There is a marked 
increase of current with increasing incident photon energy. For currents arising from 
photons with energies several ev above the threshold, the quantum yield varies little from 
substance to substance, being about 6 x 10%+ 2 x 10% ¢/Q. The quantum efficiency 
of photo-emission is thus not as high as that for metals ” or for some other insulators." 

The photo-emission yield is greater than that for photocurrents measured by a surface- 
cell technique. The ratio of electrons in the external circuit to the quanta absorbed when 
an applied field of 1 v/cm. is operative varies from 107 for anthracene to 5 x 10 for 
naphthalene.” As stated in our previous work, oxygen adsorbed on the surface altered 
the quantum yield. Northrop and Simpson ” measured current magnitudes on samples 
prepared so that oxygen is absent during illumination. They found a fairly constant 
quantum yield in each of the pure hydrocarbons. However, the presence of a disc on the 
surface opposite the electrodes and a disc on the electrode surface makes the experimental 
arrangement rather different from a conventional surface cell. Northrop and Simpson’s 


* Part VII, Lyons and Mackie, preceding paper. 

” E.g., Hinteregger and Watanabe, J. Opt. Soc. Amer., 1953, 48, 604. 
" E.g., Taylor and Hartmann, Phys. Rev., 1959, 113, 1421. 

12 Northrop and Simpson, Proc. Roy. Soc., 1958, A, 244, 377. 
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Table 1 and Fig. 6 do not enable one to work out quantum yields unless the electrode 
separation is known. Their results give a quantum efficiency of approximately 10™ 
eQ+cm.*. To approximate to our measurements of efficiency, an electrode separation 
of 10 cm. would be necessary. A value larger than this was most likely used, so that the 
efficiency is smaller than that found in our measurements. Any presence of space-charge 
in their experiments would have affected the numerical result. The quantum efficiency 
of photo-emission at high energies does not differ very much from one hydrocarbon to 
another, even although the fluorescence efficiency varies markedly in the same group of 
compounds. It seems likely, therefore, that an electron is released faster than fluorescence 
occurs. Values of the threshold frequency determined experimentally may shift slightly 
for higher light intensities. For anthracene 10" incident quanta would alter the measured 
value by less than 1000 cm.+. 

For metals, the question of a change in the threshold value, together with the closely 
connected one of the existence of a sharply defined maximum velocity of emission, has 
received much attention.'* Thresholds for metals are usually obtained by Fowler’s method 
of extrapolation to the threshold at absolute zero. Experimentally, errors may arise because 
the surface contamination alters the threshold frequency, occluded gases changing the 
threshold to either higher or lower energies depending on the gases. 

For aromatic hydrocarbon crystals, as for other semi-conductors, the measured threshold 
could be altered by impurity centres.4 There is no definite information from our work 
regarding the effect of occluded gases on the threshold however, and it would seem from 
the work on other insulating’ crystals such as the alkali halides 5 that impurity emission 
is the main trouble hindering the determination of a definite threshold. Further work is 
needed at this point. 

The only previous results for thresholds of these hydrocarbons have been for films and 
not for single crystals. Carswell and Iredale * obtained a value for anthracene close to 
that of Hughes,? namely, ca. 46,000 cm.~1 (2180 A), and for phenanthrene a value of ca. 
42,400 cm. (2360 A). Our value for phenanthrene is lower than their results but this 
could well be due to three aspects of their experimental arrangement, namely, the use 
of a film, the lack of resolution of the light sources giving only a crude measurement of 
the threshold, and causing emission from the electrode due to light penetrating the film. 

The values of the threshold energies can be correlated with a number of optical and 
electrical properties of the substances. With little variation, the order of threshold 
frequencies in the group of compounds correlates with the order of the energy of an 
electronic transition from the molecular ground state to the lowest excited singlet state 
(cf. Clar’s p-band ") or lowest excited triplet level; #* the ionization potential of the free 
molecule,” the electron affinity of the free molecule; ?? the radical affinity—methyl,** 
ethyl,4® and trichloromethyl; the energy of an electronic transition from the ground 
state to the lowest excited state of the charge transfer band formed by the molecule with 
an electron acceptor; *® the maximum free valency in the molecule; ** the minimum 
“ atom localization ’’ energy; 2 and the magnitude of the photocurrent from the crystals 
in dry air. 

18 Fowler, ‘‘ Statistical Mechanics,” Ist edtn., Cambridge Univ. Press, Teddington, 1936; Vonsovskii, 
yt and Veksler, Uspekhi Fiz. Nauk, 1955, 50, 477; Huguenin and Valat, J. Phys. Radium, 1956, 

"M Spicer, Phys. Rev., 1958, 112, 114; Radio Corporation of America Rev., 1958, 19, 555. 

18 Clar, “ Aromatische Kohlenwasserstoffe,” 2nd edtn., Springer-Verlag, Berlin, 1952. 

18 Szwarc, J]. Chem. Phys., 1955, 23, 204. 

1” Matsen, J. Chem. Phys., 1956, 24, 602. 

18 Smid and Szwarc, J. Amer. Chem. Soc., 1956, 78, 3322. 

1% Kooyman and Farenhorst, ‘Trans. Faraday Soc., 1953, 49, 58. 
aie Brieglieb and Czekalla, Z. Elektrochem., 1959, 68, 6; Foster, Nature, 1958, 181, 337; 1959, 183, 

* Burkitt, Coulson, and Longuet-Higgins, Trans. Faraday Soc., 1951, 47, 553. 


* Brown, Quart. Rev., 1952, 6, 63; Coulson, J., 1955, 1435. 
* T.yons and Morris, Proc. Phys. Soc., 1956, B, 69, 1162. 
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Of course, many of these properties have been shown to be connected by previous 
authors, and the significance of this has been discussed elsewhere.? That photo-emission 
thresholds can also be correlated illustrates that the current is dependent upon electronic 
properties of the substances. 

The threshold frequency for anthracene was calculated‘ for anthracene as 6:2 ey, 
Use of a recently determined value for the ionization potential of the anthracene molecule 
instead of that previously estimated alters this calculated threshold to 5-9 ev, which 
compares reasonably with the threshold observed at 5-7 ev. For naphthalene the theory 
predicts 7-3 ev and the observations give 6-8 ev. The theory therefore yields values which 
are slightly high, although not as high as expected by Fox. 

Over the range of photon energies used (5-5—9-0 ev), the measurable current changed 
by a factor of about 10*. This behaviour is similar to that of both metals and some other 
insulators. Several theories have been put forward to explain the yield curve for metals 
and insulators,* but at present there is no adequate theory to explain quantitatively the 
dependence of photo-emission yield on frequency of exciting radiation. Spicer ™ has 
given a semi-empirical model for photo-emission from semiconductors. It should be 
possible to adjust his expression for the yield to our curves, but the significance of the 
parameters needed to make this adjustment would be uncertain. The alkali antimony 
compounds for which the theory was put forward have an electron affinity of ca. 0-3 ev, 
the photoconductivity and absorption have similar thresholds, and the photo-emission 
threshold is only slightly displaced from the other thresholds. For the aromatic hydro- 
carbon crystals photo-emission starts at least several ev above the photoconduction 
threshold. The electron affinity of the crystal would then be of the order of several ev, 
upon the assumption that the photoconduction is intrinsic. 

From Figs. 4—6, it will be seen that certain weak maxima occur in the yield at positions: 
naphthacene 50,000 cm.!; 1,2:5,6-dibenzanthracene.ca. 52,000 cm.; 1,2-benzanthracene 
52,400 cm.*; anthracene 54,000 cm.*; chrysene 55,000 cm.!; pyrene 55,500 cm.1. 
These maxima occur at 0-8 + 0-2 ev above the threshold. The maxima might have been 
expected to be associated with a rise in the absorption of light by the crystal. However, 
the absorption spectra of anthracene and naphthacene crystals do not show a pronounced 
maximum in the required region. The maximum extinction coefficient (in polarized light) 
occurs just before this region. Yield curves taken with polarized light may show an 
alteration in the positions of the maxima, but, pending such results, it seems unlikely that 
an increased absorption in the crystal causes these yield maxima. 

Defect levels must next be considered. The crystal spectra of anthracene and 
naphthacene do not give evidence of the presence of defect levels, but their concentration 
would probably be too small for detection. Pronounced maxima in the J,-v curves were 
observed in the alkali halides by Apker and Taft,5 who showed that they were due to F 
centres. An exciton propagated through the crystal lattice after light absorption ionized 
an F centre in a secondary process, thus freeing an electron for emission. At lower 
energies any photo-emission is due to direct ionization of the F centres by the incident 
photons. The aromatic hydrocarbons differ from the pure alkali halides in which 
absorption and photo-emission start at nearly the same wavelength. Direct ionization 
of any impurity centre should not be of great significance for the hydrocarbons, for the 
hydrocarbon itself absorbs the incident radiation strongly outside the region of photo- 
emission. None the less, defect levels could cause an increase of the photo-emission yield 
by enabling ionization by some secondary process. No definite decision on this point 
could be drawn from the present results. 

The stopping potential-incident photon energy curves (Fig. 7) allow a measurement 


* Fox, Phys. Chem. Solids, 1959, 8, 439. 
% Mitchell, Proc. Roy. Soc., 1934, A, 146, 442; Makinson, Phys, Rev., 1949, 75, 1908; Huntington 
and Apker, ibid., 1953, $8, 352. 
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of hje from the slope. Condon * pointed out that, for this, semi-conductors are more 
useful than metals. The stopping potential used is that potential at which no current is 
measured for a particular photon energy. Corrections for contact potential difference 
were not made as they do not affect the slope of the curve. The measured slope is 3-93 x 
1075 v sec. The theoretical value is 4-13 x 10° v sec. The closeness of these values 
indicates that space-charges and other side effects were not causing much trouble, for it 
would be expected that any surface and space-charge would alter with different incident 
photon energies and the different intensities of the incident photon beams used. The 
result provides some justification for neglecting side effects when discussing the spectral 
dependence. However, one small anomaly presents itself. In Fig. 7, the slopes for 
anthracene and naphthacene are separated by about 0-3 ev, but their threshold frequencies 
are 0-4 ev different. This could possibly be due to inaccuracies in either the current-— 
voltage curves or the extrapolation technique for the threshold, or else to the presence of 
impurity levels altering the threshold. 

Extrapolation of the line in Fig. 7 to the threshold energy gives the minimum stopping 
potential, V’y, as —0-7 v for anthracene and —0-9 v for naphthacene. The negative sign 





3 


Fic. 7. Stopping potential—photon 
energy relation. 


A, Naphthacene; B, anthracene. 


Stopping potential (V) 








i i i i 
70 75 80 85 9-0 
Photon energy(eV) 





means that the V’, value is of opposite sign to the stopping potentials usually measured 
which are regarded as positive, t.¢., the sign of the emitter potential relative to that of the 
collecter. By measuring the stopping potential for a metallic emitter, and then that for 
the hydrocarbon crystal, in principle it is possible to determine the energy gap from the 
full to the conduction band. Various attempts were made to do this by using scraped 
copper, nickel, and platinum emitters. The results gave either a very small gap (anthra- 
cene) or a negative gap (naphthacene). An improved technique in examining the metals 
is indicated. The cleaning of the metals was not as thorough as that for the more volatile 
hydrocarbons. Heating under a vacuum to drive out occluded gases would have been 
necessary. 

The current-field strength curves. The true energy distribution of the electrons 
should be given by a differentiation of the J.-E relation. Although the J.-E curves 
were reasonably reproducible, the derivative curves of these were subject to a rather large 
error. Further, in order to obtain the most meaningful results, it is necessary to scale the 
abscissa in units of V>-V. This was not possible, and the alternative of plotting log /, 
against log V was adopted. The resultant curve approximated to a straight line for 
negative voltages. The slope gave the value of “m” as ca. 1-25 in the expression of 
Apker, Taft, and Dickey ® for the energy distribution of the emitted electrons. 
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1001. Photo- and Semi-conductance in Organic Crystals. Part IX* 
Photo-conductance in Anthracene and Naphthacene Irradiated in the 
Vacuum Region. 


By L. E. Lyons and G. C. Morris. 


Photo-conductance has been found to occur when single crystals of 
anthracene and naphthacene are irradiated with light of energy 36,000— 
66,000 cm.+. The effect has been distinguished from photo-emission of 
electrons which also occurs. There is no marked change in the quantum 
efficiency of the production of electrons from that observed at lower energies. 
The effect is considered as essentially similar to that previously observed 
at lower energies, and trapping processes therefore are regarded as of great 
importance. 


WHETHER or not photo-conductance would occur in the region of the spectrum in which 
photo-emission of electrons occurs has been an interesting question, answered only by some 
work on other insulators which has since been superseded.1_ Whether there would be any 
great change in photo-conductivity when light of higher energy was used was also a question 
previously unanswered. The present work was carried out in an attempt to answer 
these questions. 


EXPERIMENTAL 


Crystals of anthracene and naphthacene were grown by controlled sublimation in the dark in 
an atmosphere of carbon dioxide or nitrogen. Crystals were examined under a Zeiss polarizing 
microscope for visible flaws and for thickness measurements; those with obvious flaws were 
rejected. Most crystals used were between i and 5 microns thick, the other dimensions being 
kept as large as possible consistently with the size of the exit beam. 

The usual crystal holder was a hollow brass cylinder, jacketed for temperature control. 
The light was admitted to the cell interior through a fluorite window on the front face. The 
cell could be evacuated. The mounting of the crystal was on a piece of thick Teflon. The 
electrical leads passed through the Teflon to preserve rigidity. The cell cylinder could be held 
at any desired potential, and the fleld across the crystal varied independently, the current flow 
through the crystal being measured. The crystals were either placed directly across the 
electrodes by using Aquadag to form the electrical connection between the platinum wires and 
the crystal, or first mounted upon a silica disc, the Aquadag being then painted over two 
opposite crystal edges in a surface cell arrangement. The disc could be held on the Teflon 
spacer in the cell. 

An atmosphere of nitrogen surrounding the crystal was necessary when the dependence was 
sought of the current on the potential of an electrode used to collect photoemitted electrons, 
or when investigations of the photocurrent at different pressures independent of the spectrograph 
pressure were carried out. 

The developed crystal face for both hydrocarbons was the (001) plane. Although it was 
not possible to use polarized light, since insufficient intensity was available, the crystal was 
held so that the field direction was parallel to an extinction direction. The light was monitored 
by the exit slit so that it just covered the crystal area in width. The spectral region of 
particular interest was above 40,000 cm.71. 

Both surface and bulk currents are possible, depending upon the electrode arrangement, 
but the present work was confined to surface cells, i.e., cells in which both electrodes were 
placed on the one surface of the crystal. 

Electrode connections to the crystal were deemed good when the back-photocurrent, 
obtained by illumination when the field had been switched off, was negligible (cf. ref. 2). Other 
connections were soldered to ensure good electrical contact. The field direction through the 
crystal was reversed to check for anharmonicities in the illumination which could result in 


* Part VIII, preceding paper. 
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localized space-charges.* When a crystal was mounted on a silica disc, careful drying of the 
assembly by evacuation or a phosphoric oxide desiccant prevented leakage currents. When 
the crystal was placed directly across the electrodes, no trouble with leakage was experienced. 
The crystal usually clung to the silica disc which was electrostatically charged by rubbing. 
Then the electrode material was painted on the side from which the light was incident. This 
method meant that the electrode material was not totally confined to one side, but would make 
contact with the edge of the crystal. However, the electrode material did not flow between 
the crystal and the disc—the only electrical connection to the face not illuminated was along 
the crystal edge. 

The reproducibility of the results involving both long- and short-time effects was always 
carefully checked by repetition of the results on one crystal and by the use of different crystals. 

The effect of stray light was checked by the use of filters. Currents measured in the region 
above, say, 55,000 cm. could be checked by putting oxygen between the slit and the light 
source; no photocurrent should then be, or was, registered. The stray light was also shown by 
photography and by photomultiplier recording to be negligible. Since the photoconduction 
response did not alter very markedly with wavelength it was easier to determine the effect of 
scattered radiation than it was in the experiments on photo-emission.* The effects of photo- 
emission were carefully checked to see if the currents obtained could be accounted for as due to 
photo-emission or its accompanying effects. Carefully cutting the crystal and using an atmo- 
sphere of nitrogen to inhibit a photo-emission current reaching the electrode showed that some 
internal photocurrent was being registered. The properties of this current are presented in 
the results. 

Current-Time Relation.—On both compounds in either a vacuum or a nitrogen atmosphere, 
this was similar to that found previously for light of lower energy. Over the first minute of 
illumination the current remained fairly steady unless bad electrode contacts were present or 
non-uniform illumination was used. A drop of the current value occurred when this happened 
and this drop was accompanied by the possibility of registering a back-photocurrent by illumin- 
ation with the field switched off. Even with good contacts and uniform illumination, a gradual 
polarization of the electrodes occurred, giving rise to a slightly increasing current during some 
hours. 

Standard conditions of illumination and dark time were used in the following experiments. 
After stabilization of the dark current, or the capacity-coupling surge accompanying application 
of a field on the crystal, light was allowed to fall upon the crystal for 30 sec. The steady 
maximum was reached within this time. The light was cut off for 30 sec., in which time the 
current decayed to zero. Repetition of this procedure gave a reasonably constant current 
at a particular wavelength, light intensity, and voltage. 

Effect of Evacuation.—The photocurrent from naphthacene was unaffected by evacuation, 
or by evacuation simultaneous with illumination with the rather low light intensities used. 
Since oxygen strongly absorbs radiation above 54,000 cm.-}, this result could be checked only 
below this energy. Nitrogen did not affect the photocurrent’s magnitude and did not absorb 
radiation in the region of interest. It was used to provide an atmospheric pressure about the 
crystal to inhibit photo-emission electrons from migrating to the positive electrode. 

The photocurrent from anthracene is affected by evacuation and illumination techniques. 
Previous workers agreed that oxygen increased the photocurrent upon illumination. The 
present work, utilizing both polychromatic and monochromatic radiation below 54,000 cm.7, 
showed four main results. 

(a) When evacuation was used without continuous irradiation, the photocurrent was almost 
the same asthatinair. (b) Continuous illumination whilst evacuation was in progress decreased 
the photocurrent to less than 1/20th of the current in air; this rate of decrease depended on 
the light intensity, and with the low light levels obtainable from monochromatic light it took 
hours for completion. (c) Continuous illumination in air restored the photocurrent in a vacuum 
to its original value in air. (d) When evacuation was effected in the dark, and an atmospheric 
pressure of dry purified nitrogen or hydrogen added, the photocurrent remained fairly steady 
upon illumination even with fairly intense polychromatic light. With the weaker mono- 
chromatic light, no alteration was noticed. This arrangement of nitrogen filling was useful 
for measuring the spectral response curves. 

Current—Light Intensity Relation Monochromatic light to 67,000 cm." was used, different 

* Part VIII, preceding paper. 
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intensities being obtained by neutral calibrated filters. Only naphthacene was used, as the 
currents were too small with anthracene at low light levels. In the relation J,~L” the 
exponent m was 1, but not strictly so when low field strengths were used. For example, with 
a field strength of about 100 v/cm., photon energy of 7-80 ev, and intensity varying over a 100-fold 
range up to 10! quanta incident on the crystal, m was 0-93. 

Current—Field Strength Relation.—This is shown in Fig. 1 for a naphthacene single crystal 
at different light intensities and with use of photon energies extending into the vacuum-ultra- 
violet region. The voltage settings were made in random order. No tendency for current 
saturation was noticed, but neither light intensity not field strength was very large. Anthracene 
gave a similar result, but.a smaller range of voltages had to be used. The lower limit of field 
strength was set by the smaller quantum efficiency of photoconduction for anthracene. The 
upper limit was usually set by leakage currents, if the crystal was mounted on a silica disc, or, 
if not, it was governed by a discharge occurring at high field strengths when the crystal was 
surrounded by nitrogen. 


Fic. 1. Photocurrent, 1,, in a surface cell plotied against field strength, E. 
10 
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Experiments using different voltages across the crystal and on the metal shield were also 
performed. The shield was placed at +300 v (giving a field strength of about 300 v/cm. for 
electrons photo-emitted from the crystal), and a potential of 10 v was put across a crystal with 
surface electrodes spaced 2mm. apart. A photocurrent was registered as flowing in the crystal 
circuit upon illumunation. Further, the effect of the shield potential upon the current flow 
was checked to see what effect a voltage of +300 v had on the current flowing in the crystal 
when light of energy insufficient to cause photo-emission was used. The experiment of using 
the crystal as one plate of a condenser with a metal disc as the other plate has been described 
for anthracene. The general result that the photocurrent was greater when the shield was 
negative was confirmed, but the results were complicated, as Bree has pointed out. However, 
the application of a potential of +-300 v to the shield caused only a small decrease in the current 
value relative to that when the shield was at earth potential. Thus a current was registered 
even when any photo-emitted electrons would be attracted away from the positive electrode 
on the crystal surface. 

Current—Photon Energy Relation.—Difficulty was encountered in extending measurements 
into the vacuum-ultraviolet region for two main reasons. (a) For anthracene, the current was 
very small owing to the small band-pass (ca. 100 cm.1) which had to be used. With 
naphthacene, this trouble was not experienced. (b) The effects of evacuation did not matter 
for naphthacene, but, as judged from the previous work, the spectral response of anthracene 
altered upon evacuation, losing its resemblance to the absorption spectrum; the current also 


* Compton, Schneider, and Wee or J; Chem. Phys., 1957, 27, 160; Bree, Ph.D. Thesis, Sydney, 
1958; Part VI, Bree and Lyons, J., 1960, 5 
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markedly decreased. The cell containing the anthracene crystal was evacuated in the dark 
and then surrounded by an atmosphere of purified nitrogen. Such an arrangement gave a 
measurable current. For naphthacene, this arrangement was used as well as an evacuated 
assembly. 

The steps used in taking a spectral response curve (‘‘ photocurve ’’) after alignment of the 
crystal and stabilization of the surge current attendant upon field application were as follows: 
(a) With the entrance and the exit slit of a fixed width, light of a chosen wavelength was passed 
on to the crystal for 30 sec. After this, the light was cut off from the crystal for 30 sec. (0) 
Light with wavelengths 100 A apart was used with the same procedure, until the spectral range 
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Fic. 2. Spectral dependence of the 
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was spanned. (c) Light with wavelengths 20 A apart was then used as above. (d) Any 
alteration of a photocurrent at a particular wavelength due to the time interval involved could 
be readily seen by this procedure, but was, indeed, slight. Corrections could easily be applied 
because (b) gave the genéral shape of the spectral response, whilst (a4) gave the response curve 
accurately at closely situated wavelengths. Systematic errors were thus minimized. (e) The 
crystal was carefully cut down the middle so that approximately the same crystal area remained, 
but no current could flow through the crystal. The procedure (a)—(d) was then repeated. 
A small current was registered in the regions where the quantum efficiency of photo-emission 
was greatest, being up to 30% ‘of the first current measured. (f) The current difference (d) — (e) 
was thus obtained. The value of this at each wavelength was corrected for the quantal 
distribution of the lamp, a band-pass of 100 cm." being used. 

Fig. 2 gives the photocurrent spectral response for anthracene single crystals obtained by 
the above means. Also included on the graph is the absorption spectrum of an anthracene 
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crystal in unpolarized light obtained from the polarized spectra by assuming that the incident 
light is polarized 50% along the b-crystal axis, and 50% in the ac plane, and using a crystal 
thickness of 10 u. 

The accuracy of current magnitudes in the photocurve is only about 50% owing to the 
small currents. Fig. 3 gives the spectral response of the photocurrent for single crystals of 
naphthacene. Also given is the absorption spectrum of a 10 u single crystal of naphthacene, 
unpolarized light being used. The accuracy of the current values is about 10% for a particular 
crystal, but variations from crystal to crystal were found. This has been discussed elsewhere 
for anthracene.* The same shape of the photocurve, however, was obtained for the several 
crystals used. Further, it did not vary when the photocurve was obtained in air (below 
50,000 cm.~!), in a vacuum, and in nitrogen. 

Differentiation of Photoconduction from Photo-emission.—For some substances other than 
hydrocarbons investigators have tried to measure photoconductivity in a region where photo- 
emission occurs and have concluded that it is not possible. Thus, Spicer 5 writes: ‘‘ If external 
photoelectrons are created, these are attracted to the positive electrode and form a current 
which masks the internal photocurrent. This makes it impossible to extend the photoconduc- 
tive measurements much beyond the photoemissive threshold.’’ Also, careful work by Taylor 
and Hartman? on pure alkali halides led them to conclude that no true photocurrent exists 
in these substances. Pseudo-photocurrents can be easily registered owing to the effects of 
photoemission. As stated earlier, the photocurrent commences at photon energies more than 
3 ev below the photoemission threshold for the hydrocarbons. In this respect, of course, they 
differ markedly from the compounds considered by Spicer. 

Our work indicates that photo-conduction does not die away when photo-emission occurs, 
but continues throughout the same spectral region. The two types of current are distinguishable 
to 68,000 cm. for naphthacene and to 63,000 cm. for anthracene. For naphthacene, the 
quantum efficiency of photo-conduction is ca. 5 x 10% eQ'E +. Thus, with a field strength 
of 1000 v/cm. (and even larger could be used) each incident quantum of radiation would give 5 x 
10° electrons in the external circuit. If this value is compared with the ordinate of Fig. 
4 of Part VIII it is seen that only above 64,000 cm.! does the photo-emission yield become 
larger than the photo-conduction yield. Thus J, was not swamped by I, below this value, and 
indeed the effect of I, can be readily allowed for as discussed below. However, the position 
was not so satisfactory for anthracene. A field strength of 1000 v/cm. enabled photocurrents 
to ca. 50,000 cm. to be read without fear of photo-emission currents swamping them, but to 
extend the results above this region was more difficult. 

The effect of introducing an atmosphere of gas (nitrogen) about the crystal must be 
considered. Brode’s work * has shown the probability of an electron’s being collected after 
emission as a function of pressure for different gases. When an atmospheric pressure of gas 
is used, the electron’s mean free path is very small, and the probability of its reaching the 
positive electrode low. In this work, no direct determination of the influence of an atmosphere 
of gas on I, was made. It was made indirectly, however, when the crystal was cut and the 
excitation spectrum re-measured to determine the contribution of J, to the measured current. 
I, did not become comparable with J, until ca. 68,000 cm.! for naphthacene and ca. 63,000 
cm. for anthracene. 

When considering this apparent drop in emission yield two points must be remembered: 
(i) The electrons may be photo-emitted from the crystal in the same quantity, but the mean 
free path, being approximately inversely proportional to the pressure, would be much smaller. 
Thus many of the emitted electrons may not reach the electrode. (ii) Some of the electrons 
may be prevented from leaving the crystal because the potential barrier at the crystal—nitrogen 
interface is larger than at the crystal-vacuum interface. However, the electrons are still 
released in the crystal, so that if drawn across the potential barrier, they could contribute to 
I,, unless quenching processes prevent this. 

A difficulty then presents itself: for, if the electrons are released but cannot surmount the 
energy barrier at the crystal—nitrogen surface, they, and/or the holes they leave free, should 
be able to contribute to the photo-conductivity. Hence, in addition to the conductivity 
produced as a result of illumination in the exciton band region, there should be this additional 


5 Spicer, Phys. Rev., 1958, 112, 114. 
* Brode, Rev. Mod. Phys., 1933, §, 257, 
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contribution due to the released electrons and/or holes. That the quantum efficiency of photo- 
conduction is almost unchanged (after allowance, of course, for change in extinction coefficient 
with frequency) from the region of the first exciton level until ca. 60,000 cm. suggests that 
these released electrons and/or holes play little part in the value of J;, One possible objection 
to this statement is that the true J, value actually decreased, but the electrons released in the 
crystal for photoemission provide further carriers to keep the measured J, at a value consistent 
with a constant quantum efficiency. However, there seems little reason for the photocurrent 
to die away when these free electrons and/or holes are produced. The most plausible hypothesis 
is that the latter do not contribute much to the J, value. 

The effect of the positive charge possibly left on the crystal surface after electrons are 
emitted must be considered, for such a charge would reveal itself in an increase of conductivity 
beyond what would normally be attributable to J;. In regard to this, there are three important 
considerations. 

(i) The hydrocarbons have a high resistivity. Values of the resistivity have been obtained 
by several authors.’ For anthracene the results vary between 10 ohm cm.* to 10® ohm 
cm.. It would be interesting to see if any change in the resistivity occurred when thoroughly 
outgassed single crystals were used in a definite crystallographic direction and under vacuum 
conditions (cf. ref. 8). In any case, the results indicate what good insulators these hydro- 
carbons are, but they may also indicate a difference in purity of the samples used by the various 
workers, as well as differences due to space-charge effects.* Charges isolated on the surface 
may be expected to remain for some time unless trapping and recombination processes occur. 
(ii) The measured current-time relation does not show any decrease of current with time. If 
that does happen, it occurs in a time shorter than the time constant of the apparatus, i.e., 
equilibrium between charges formed and charges neutralized by electrons flowing out of the 
electrode into the crystal occurs in less than 3 sec. The electrode separation was usually 1—2 
mm. Thus, if electrons were to flow into the crystal to neutralize the charges, they would have 
to flow for a comparatively large distance. This is linked with the J,-¢ relationship when 
thick crystals are used, although the carriers do move along different crystallographic planes. 
In this case I, decreased with time until a steady state was reached. Assuming that the 
carrier mobilities are not very different in the bulk and on the surface, one would expect a 
decrease of the measured current with time if J, were contributing to the current. (iii) A 
continual building-up of charge on the crystal surface does not occur, but an equilibrium is 
reached. Even with different thicknesses, I, is reasonably constant, irrespective of whether 
one measures the number of electrons flowing out of the electrode to which the emitter was 
attached or the number of electrons reaching the collector in vacuum conditions. 

The current-voltage relation (Fig. 1) supports the idea that J, contributes little to the 
measured current for naphthacene up to incident photon energies of 7-75 ev. The current 
values were smaller for anthracene and the J,-E relation was obtained only over a small range 
of large voltages. One would not expect a linear dependence of the current upon field strength 
if J, were contributing a significant proportion of the current. Confirmation of this idea was 
forthcoming with field strengths near 20 v/cm. and light of energy of 7-75 ev. The J,—E curves 
became non-linear, probably showing the contribution of J,. Thus Fig. 1 strongly supports 
the contention that the currents measured are not due to emitted electrons pulled to the positive 
electrode. 

However, the possibility still exists that any positive charge left on the surface by emitted 
electrons can produce a linear J,—E relation by allowing the positive charge to hop from molecule 
to molecule or electrons to migrate from electrodes. Such an action should have a linear 
field-dependence and so contribute to the measured current. 

Certain experiments with the metal case held at various potentials support the idea that I, 
contributed very little to the measured current. They do not, however, preclude the possibility 
that any positive charge left on the crystal can contribute to the current. 

Thus the evidence points to a continuation of photo-conduction into the region where 


? Mette and Pick, Z. Phystk, 1953, 184, 566; Eley, Parfitt, Perry, and Taysum, Trans. Faraday 
Soc., 1953, 49, 79; Goldsmith, Ph.D. Thesis, Purdue, 1955; Northrop and Simpson, Proc. Roy. Soc., 
1956, A, 284, 124; Inokuchi, Bull. Chem. Soc. Japan, 1956, 29, 131; Riehl, Zhur. Fiz. Khim., 1955, 29, 
959, 1152; Ann. Physik, 1957, 20, 193. 

* Pick and Wissmann, Z. Physik, 1954, 188, 436. 

* Part VII, J., 1960, 5186. 
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photo-emission occurs. The internal photocurrent can be distinguished from the external 
current, but the effects accompanying an external photocurrent cannot be differentiated, 
although they are most likely small. 

Current—Photon Energy Relation.—A comparison of the excitation spectra of both J, and I, 
shows but little correlation. For anthracene, the peak in J, near 54,000 cm. could correspond 
to the peak in J,in the same region. For naphthacene, the peak in J, near 49,000 cm. has no 
analogue in J,, although J, is rising in this region to a peak near 53,000 cm.7}. 

A comparison of the J,—v curves (Figs. 2, 3) with the e—v curves shows some correlation (c is 
the molecular extinction coefficient). For anthracene the curves are roughly similar, the photo- 
curve being somewhat broadened and with less resolution. The dependence of J, upon e, 
found to hold to 40,000 cm., holds roughly throughout this region. However, it must be 
remembered that ¢ varies with thickness when unpolarized light is used, so the relation of Js 
and ¢ would vary with thickness. This effect may be neglected within the limits of accuracy 
of this work. For naphthacene J, does not follow the absorption spectrum. It appears that 
the inverse of the absorption is being obtained. Bree and Lyons‘ obtained a photocurve 
which does resemble the absorption spectrum. Their curve 3 and our results should 
correspond, but are not closely similar. Each of several crystals in vacuum, nitrogen, or air 
(to 50,000 cm.) gave the same result. The mounting technique did not differ from that 
used in obtaining previous photocurves,’ so the result is thought to be a true effect. Further 
work may answer this question. 
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1002. The Intensity of Ultraviolet-light Absorption by Monocrystals. 
Part IV.* Absorption by Naphthacene of Plane-polarized Light. 


By A. Bree and L. E. Lyons. 


Measurements on the intensity of light absorption in naphthacene are 
reported and used to determine the polarizations of four electronic transitions. 
The experimental results are compared with the predictions of recent 
theories of the electronic states of the molecule. General agreement between 
theory and experiment exists for systems I, III, and IV but there is some 
uncertainty about system II. 


IN previous work on the naphthacene crystal spectrum a photoconductance method ! was 
used, as well as more conventional methods.** Borisov’s work? was quantitative, but 
the strongest bands were not measured, nor was absorption at energies greater than 
38,800 cm.1. The present work, done before Borisov’s results were available, extends 
his measurements and is used. to test various theories *? of the electronic states of the 
naphthacene molecule. LEichis * recorded the dispersion curve in the region of the long- 
wave system and deduced the reduced oscillator strengths f, = 0-07 and f, = 0-03, parallel 
and perpendicular to the } axis respectively. (We define f, by the relation f, = 1:44 x 
10°°fe,dv.) We know of no other determination of oscillator strength. 

No detailed information on the crystal structure of naphthacene has yet been published. 


* Part III, J., 1959, 1551. 


1 Bree and Lyons, J. Chem. Phys., 1954, 22, 1630. 

* Borisov, Trudy Inst. Fiz. Akad. Nauk Ukr. S.S.R., 1953, 4, 102; Technical translation TT-613 
N.R.C., Ottawa, 1956 (by G. Belkov); Jzvest. Akad. Nauk S.S.S.R., 1953, 17, 689. 

* Craig, Hobbins, and Walsh, J. Chem. Phys., 1954, 22, 1616; Sidman, ibid., 1956, 25, 122. 

* Klevens and Platt, J. Chem. Phys., 1949, 17, 470. 

5 Moffitt, J. Chem. Phys., 1954, 22, 320. 

* Ham and Rudenberg, J]. Chem. Phys., 1956, 25, 13. 

? Pariser, J. Chem. Phys., 1956, 24, 250. 

® Eichis, Trudy Inst. Fiz., Akad. Nauk Ukrain., S.S.R., 1954, 5, 137; Chem. Abs., 1955, 49, 5130b. 
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An early analysis ® showed that naphthacene crystals are triclinic, with only a very small 
departure from the monoclinic class. The crystal belongs to the space group P; and the 
unit cell has the symmetry S,. Crystals grown by sublimation were flakes with the (001) 
as the developed face. A more recent study ! of the crystal and molecular structure by 
Sinclair was kindly made available through Professor D. P. Craig. An investigation of 
Sinclair’s structure by J. R. Walsh showed that the in-plane molecular axes were not 
orthogonal and that if the two available sets of naphthacene unit-cell parameters * 1° were 
used to calculate the crystal density “ very poor agreement between the calculated cell 
volumes was reached. A new determination of the density was therefore carried out. 
Naphthacene crystals were suspended in alcohol-chloroform, and the relative solvent 
concentrations varied until a naphthacene crystal remained suspended for several hours 
approximately mid-way between the upper and the lower liquid surfaces well away from 
the walls of the containing vessel. From the measured density of the liquid the crystal 
density was found to be 1-29 + 0-01 g./c.c. This agrees quite well with the unit-cell 
volume calculated from the earlier data ® (estimated density = 1-293 g./c.c.) but not so 
well with Sinclair’s data (estimated density = 1-25 g./c.c.), but the latter will be used 
here to compare the crystal and solution spectra, since no other information is available. 

In triclinic crystals there are no necessary relations amongst the molecular axes, the 
crystal axes, the absorption axes (defined in ref. 12), and the principal axes of the indicatrix. 
The molecular and crystal axes have been related by Sinclair. The extinction directions 
of the sublimation flake in the visible region of the spectrum were used in the. present 
work as the reference directions in the crystal. Relations were needed, therefore, between 
extinction and absorption directions in the flake, and between extinction directions and 
molecular axes. 

It has been assumed, following Robertson,!* that the crystal and optical properties of 
naphthacene are very similar to those of anthracene and naphthalene. Some evidence 
which supports this assumption is (i) that the conoscopic interference patterns of sublim- 
ation flakes of naphthalene, anthracene, and naphthacene show, in the extinction positions, 
a single isogyre which sweeps rapidly across the field of view, (ii) that the slow direction 
of the section is normal to the trace of the optic axial plane, (iii) that all crystals possess 
a negative birefringence, and (iv) that angles between crystal edges show that the developed 
crystal faces (001), (201), and (110) are the same for anthracene ™ and naphthacene.® 
Thus it is to be expected that a principal axis of the indicatrix will be close to the b crystal 
axis. The b crystal axis was tentatively identified on a few well-formed naphthacene 
flakes by measuring some angles between crystal edges. The angles measured were 124° 
and 104° which were associated respectively with the angles between the normals to the 
(110) and (201) faces and between the normals to the (110) and (110) faces. The 0 crystal 
axis was given as the trace of the (201) plane on the (001) plane. 

The slow extinction direction of the flake in the visible was within 2° of the } crystal 
axis as found above, and thus these two directions coincide within the experimental error 
when the crystal is aligned in the polarized incident light. This behaviour again parallels 
that observed in anthracene where the slow extinction direction coincides with the 6 crystal 
axis. 

The experiments were carried out with the electric vector of the plane-polarized light 
vibrating along an absorption direction of the sublimation flake. The absorption directions 
at 2300 A were located by experiment: the crystal was rotated about an axis parallel to 
the incident light beam until maximum absorption in the slow direction was obtained. 
The rotation (12° at 2300 A) was neglected in predicting the crystal spectrum from the 

® Hertel and Bergk, Z. phys. Chem., 1936, 38, B, 319. 

10 Sinclair, Ph.D. Thesis, Glasgow, 1955. 

1! Walsh, personal communication. 

12 Hartshorne and Stuart, ‘‘ Crystals and the Polarizing Microscope,” Arnold, London, 1950. 


8 Robertson, ‘‘ Organic Crystals and Molecules,” Cornell Univ. Press, New York, 1950. 
™ Winchell, ‘‘ Optical Properties of Organic Compounds,”’ Academic Press, New York, 1954. 
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solution spectrum but the error so introduced was not significant. It is therefore assumed 
that the crystal axes are related to the absorption directions of the naphthacene sublim- 
ation flake in the following way: the # direction is normal to the ad plane and the g direction 
lies in the ab plane normal to the b axis; } is then assumed to be the slow direction and g 
the fast direction of the sublimation flakes examined. 

Absorption Spectrum.—The absorptions of three naphthacene monocrystals were 
measured, and the crystal thicknesses were estimated (i) by measuring their retardations 
with the aid of the Ehringhaus compensator at the sodium-D line and in white light, and 
(ii) by observing transmission interference effects in the visible and the near infrared region. 
The error in the absorption measurements was expected to be about 5% at wavelengths 
greater than 2500 A, since all readings except the b absorption at 5200 A fell in the optical 
density range less than 1. This 5200 A absorption is liable to a small and probably 
negligible correction for stray-light errors. The observed retardations of the crystals are 
proportional to the optical densities in one polarization at any wavelength. The observed 
correspondence was excellent and confirmed that the error in the absorption measurements 
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was indeed less than 5%. However, to convert the optical density readings into extinction 
coefficients, the thickness and density of the sample must be known. 

To convert an optical thickness into a physical thickness, information on refractive 
indices is required. The smaller refractive index of the indicatrix section in the plane 
of the sublimation flake was determined to be 1-72 + 0-01 at the sodium-p line. The 
estimation was made by means of the Becke immersion test, methylene iodide—«-chloro- 
naphthalene mixtures being used as the immersion liquid. The larger refractive index 
in the section was too high to be measured with the immersion media available. With 
this information, the crystal thicknesses were found from the transmission interference 
spectrogram measured with the plane of the polarized light normal to the } axis. This 
was possible as the crystal was sufficiently thin to obviate any ambiguity in the order of 
interference. Once the crystal thicknesses were known, the refractive index of the second 
extinction direction in the crystal section was found. The birefringence in sodium light 
was 0-194. 

The error in the crystal-thickness determination, assessed at about 5%, was calculated 
from the spread about the mean of the individual thickness estimates from the interference 
maxima and minima. Reflection losses were expected to reduce the calculated extinction 
coefficients by about 6%. It was not considered important to measure reflection losses in 
this case, since other accumulated errors in the absorption measurements totalled 10%. 

Details of the naphthacene spectra are shown in the Figure, and Tables 1 and 2. The 
extinction coefficient quoted for the b polarized peak at 5200 A was obtained with the 
thinnest crystal. 
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Molar extinction coefficients at the turning points of system I in naphthacene. 





e’ calc. e’ calc. Bori- 
for for Band-  sov’s 
Polar- Ay— Ay — pass e 
A(A) v(cm.*) — Eobs. d (A) v(cm.) ization By By ove. €/€ (cm.~4) values 
4740 21,100 11,600 52004 5 19,230 + 20 b 150 26,700 12,300 2-41 15 
5035+ 5 19,860 + 20 q 2340 5300 5100 7300 
4580 21,830 1250 4930+ 7 20,280 + 30 b 16 2880 3100 16 4740 
4880 + 10 20,490 + 40 q 252 570 =1100 16 1970 
4450 22,470 9200 4775+ 10 20,940 + 40 b 120 21,200 5500 1-34 20 7900 
4715+ 5 21,210 + 20 q 1860 4200 4100 20 6330 
4290 23,310 1250 4570+ 15 21,880 + 70 b 16 2880 2400 25 3720 
4555 + 10 21,950 + 40 q 252 570 1400 25 3520 
4170 23,980 4500 4440+ 10 22,500 + 40 b 60 10,400 3350 139 35 4700 
4425+ 10 22,590 + 40 q 910 2050 2400 35 3890 
3950 25,320 2500 4200+ 15 23,710 + 70 b 32 5700 2200 157 50 
4180 + 15 23,920 + 70 q 500 1140 =1400 50 1900 
TABLE 2. Naphthacene. Molar extinction coefficients in systems LI, III, and IV. 
(a) Calculated on the assumption that the factor group splitting is small so that con- 
tributions from the a- and B-crystal components to the absorptions along the b and q 
directions are combined (see Table 5). 


(b) Calculated on the assumptions (i) that the factor group splitting ts large* so that 
the «- and 8-crystal components of each molecular absorption band do not overlap, and 
(ii) that the eeeaetnnnct ts displaced to a much higher energy region. 


Crystal 
| e’ calc. e’ calc. e’ calc. Bori- 
Solution for for for Band __sov’s 
v v Polar- Ay—- Ay—- Ay— pass € 
(A) (cm) € A (A) (cm.~4) ization By, By Bs, obs. (cm.~!) values 
Il 2960 33,780 25,4004| 2770 36,100 b 58,300* 5280¢ 12,60u* 2400 160 5640 
+30 +400 
q 11,900¢ 6200¢ 58,200¢ 2000 150 3660 
III 2775 36,000 124 000 ¢ | 2800 35,700 b 284,000* 220% 61,000¢ 
+30 +400 
q 58,000* 890% 284,000¢ 
IV 2270 44,100 17,000°*| 2290 43,800 b 39,000* 3500¢ 8400 10,000 700 
+40 +1500 
q 7950* 4150 39,000* >8000 


¢ Craig and Hobbins, /J., 1955, 539, 2309. ¢ Ref. 15. ¢ Ref. 4. 
TABLE 3. Comparison of oscillator strengths in solution and crystal for naphthacene. The 
f' values are oscillator strengths for the crystal estimated from the solution spectrum by using 


first-order perturbation theory and assuming z polarization for systems I and II. 


System I System 
jivhintvs es ne. SSS ee ee guiectnepeglidereeniheat System 
n 0 1 2 3 Total II Ill IV 
BE eins coan 0-017 0-0090 0-0064 0-0028 0-041 0-023 0-036 
ID Sheisessa 0-022 0-020 0-015 0-010 0-084 0-08 0-001 * 
BES divsies 0-0041 0-0047 0-0042 0-0020 0-019 20 
Me ¥atede cose 0-0045 0-0056 0-0031 0-0020 0-017 0-02 (0-11) t¢ 
tte <<5-5 0-029 0-036 0-020 0-013 0-11 0-11 1-37 0-09 
(to cut off) 
aes 41 1-9 - 1-5 1-4 2-2 


* Only the B-component was considered, system III being assumed y-polarized. 
higher energies. 


¢t Expected at 


The solution spectrum of naphthacene (Figure) was measured in oxygen-free benzene 
under nitrogen. System I was recorded by using a ‘‘ Unicam ” spectrophotometer fitted 
with a glass prism; the agreement of this spectrum with that reported by Clar ® was 
excellent. System II was reproduced from Clar’s spectrum. 
© Simpson and Peterson, J. Chem. Phys., 1957, 26, 593. 
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Discussion of the Naphthacene Spectrum.—The naphthacene absorption spectrum is 
seen to reproduce the general behaviour already observed with anthracene. System I 
is 6 polarized, and the polarization ratio (b/g) is, as with anthracene, less than the oriented 
gas model prediction of 5/1 (see Table 1). The intensity of system III is apparently very 
much reduced in going from solution to the crystal, and system IV appears at the lower- 
wavelength limit of the observations. 

Because of the low symmetry exhibited by naphthacene crystals, the two molecules 
in the unit cell will not transform one into the other by reflection through a glide plane or 
by rotation about a screw axis. For this reason, transition moments involving either an 
a or 8 crystal level are expected to have projections along all three absorption directions 
associated with the (001) plane. Thus, the crystal transition moments are not confined 
either to the ac plane or to the b axis, but each has components along the 6, g, and p 
directions. 

The intensities of crystal absorptions (given as the squares of the projections of the 
crystal transition moments, on the usual oriented gas-model assumptions) are shown in 
Table 4. 


TABLE 4. Naphthacene: Intensities of the crystal transitions which arise from unit transition 
moments along the molecular axes {(m.q) denotes the sum of the cosines of the angles 
between a given molecular axis and the q crystal direction). 


a-Crystal B-Crystal a- and B-Components 
component component combined 
ee A $A. 


2 _ — " re~eme A— ae — = 

Molecular axis (m.q)*  (m.b)* (m.p)? (m.q)? (m.b)? (m.p)? (m.q)? (m.b)? = (m.p)* 
Short a 0-0018 0-766 0-059 0-154 0-0004 0-019 0-156 0-766 0-078 
Long . 0-078 0-068 0-854 0-0024 00-0006 0-0013 0-081 0-069 0-856 
Normal 0-767 0-0007 0-0594 0-0002 0-164 0:0087 0-767 0-165 0-068 


System I can be explained in terms of a molecular transition to a B,, upper state. In 


this case a transition to any one crystal level is largely confined to a single absorption 
direction (see Table 4). This prediction agrees well with the observed spectrum; ¢.g., 
there is no shoulder in the g polarized absorption curve at 5200 A, i.e., 19,230 cm.1. 
System II may be seen clearly in the solution spectrum of naphthacene (Figure) as 
a smalier peak on the red side of the strong absorption of system III. It might be thought 
that this peak could be attributed to excitation of a ground-state vibrational mode of 
frequency 2200 cm.! and belonging to system III; but the general shape of the absorp- 
tion, especially in comparison with the shape of the corresponding anthracene solution 
spectrum, suggests that this is not the correct explanation. This conclusion is confirmed 
by a consideration of the intensity of the band. The extinction coefficient of the assumed 
“hot "’ band calculated by using Boltzmann statistics would be about 10. The likely 
alternative is that the peak marks a separate electronic transition. The quantities which 
characterize the solution absorption at 33,800 cm. are exon, = 25,400 and fron, = 0-11, 
but the estimated oscillator strength and, to a smaller extent the extinction coefficient, are 
in error because of the overlying stronger absorption at slightly higher energy. There is 
another source of error in comparing actual and calculated extinction coefficients arising 
from the flat nature of the absorption bands in the crystals. Projections along the 
absorption directions b and g of the 33,800 cm.*! band in solution are given in Table 2, it 
being assumed that the transition is polarized along each of the three molecular axes in 
turn. The 33,800 cm." solution band must provide «- and/or $-crystal components to 
the crystal absorption in much the same wavelength region. From the values in Table 2, 
both ,, and #3, symmetries seem to be excluded. The molecular transition is therefore 
described as A;,—® Bz, polarized along the y axis although the observed intensity is 
rather greater than expected. It is not easy to see the explanation of this absorption in 
the light of the existing theories of molecular levels (cf. Table 5). If it marks a 4, upper 








n is 


ited 


ery 
Ner- 


tion 
ve 


ght 
> of 
IT p- 
tion 
ned 
ned 
cely 
lich 
‘ll, 
are 
e is 
sing 
the 
,, it 
3 in 
; to 
e 2, 
fore 
y is 
1 in 


pear 








[1960] Ultraviolet-light Absorption by Monocrystals. Part IV. 65211 


state it is at too high an energy. If, however, it marks a 1B,,* state, the polarization has 
been reversed. 

Consideration of oscillator strengths, however, allows either a By, or a Bg, assignment 
if an out-of-plane transition is excluded for other reasons. 

The explanation of system III in the crystal which has been given by Simpson and 
Peterson would account for some of the intensity in the crystal which in the previous 
paragraphs has been considered as arising from system II. The intensity from system III 
would appear chiefly in the a polarization. There is no resultant clarity in the assignment 
of system II, which is therefore left in doubt. 

System III in the molecule is very intense and is the analogue of the strongest absorp- 
tion system in anthracene. In the naphthacene crystal the absorption between 30,000 
and 40,000 cm. is much weaker than would be expected for the « and 8 components of 
system III, and in part at least must be explained as arising from system II. Even if 
contributions from system II were completely neglected, the assignment of system II 
to a A, —» By, transition would be impossible to reconcile with the appearance of either 
the a- or the 8-crystal component in the region 30,000—40,000 cm.. If the a-component 
were present, e’ would be 284,000; if the 8-component were present, ¢,’ would be 57,000. 
Both greatly exceed the observed result. In a similar way the assignment A, —» Bs, 
may be excluded. 

The assignment of system III to a A, —» Bz, transition also leads to difficulty unless 
the «-component is assumed removed to lower wavelengths and the 8-component alone 
remains in the region 30,000—40,000 cm.*. Such a removal of the «-component has 
been observed in the case of anthracene *1!” and has been predicted for the naphthacene 
crystal. For the Bg, assignment the values of «,’ and «,’ (Table 2) are quite small and 
can therefore easily be reconciled with experiment. 

It follows that system III is definitely to be assigned to a 4,, —» Bg, transition and 
that a second case has been found experimentally of a factor-group splitting of at least 
several thousand cm.. The sense of the observed splitting, the 8-component lying at the 
lower energy, is also in accord both with the experiments on anthracene and with theory. 
The actual location of the B-components is difficult owing to the very low intensity, but in 
any case more refined theory leads to a more complicated distribution of intensity than 
just having two isolated components (cf. ref. 15). 

Only the onset was studied of the crystal absorption which marks system IV. An 
absorption leak in b polarization was located at 43,800 cm. but the extinction coefficient 
value quoted (10,000) has probably been reduced by stray light and by the extreme width 
of the slit (2 mm.). The extinction coefficient of the corresponding peak in the solution 
spectrum is 17,000. By taking projections on to the 6 axis of the three possible molecular 
transition-moment directions in turn, it is seen that only one of the three gives s° = 10,000. 
This is for the shorter in-plane molecular axis (upper-state symmetry 8),) for which 
es = 39,000. System IV in solution appears as three rather broad peaks, and the 
oscillator strength for this entire system is 0-28. Presumably the crystal band at 43,800 
em. is the first of the three. The oscillator thrength of the first solution peak was 
estimated roughly (because of the difficulty in separating the three vibrational peaks) 
as 0-09. A By, upper-state symmetry being assumed, the projection on the 6 axis is 
0-069, which agrees moderately well with the observed value 0-036. For Bs, and Ba, 
upper states, the /,’ estimates are 0-015 and 0-0004, respectively. Thus it may be con- 
cluded than system IV, because of its intensity, probably arises from an electronically 
allowed transition to a By, upper state. 

Thus the absorptions in, crystals of anthracene and naphthacene may be given very 
similar interpretations. System I marks an allowed transition to a B,, upper state and 

** Bree and Lyons, Part II, /., 1956, 2662, 


* Lyons and Morris, /., 1959 1551 
‘* Craig and Walsh, unpublished work 
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the strongest system arises from an allowed A;, —» Bz, (long axis polarized) transition. 
For both crystals, evidence has been found of an electronic transition which occurs near 
to the very strong system; in naphthacene this transition, II, is probably to a Ba, upper 
state. 

The spectral dependence of the photocurrent in single crystals of naphthacene with 
plane-polarized incident light has been shown to reproduce the polarized absorption 
spectrum in the region of the first transition. The magnitude of the photocurrent in 
the spectral dependence curve was very nearly proportional to the molar’ extinction 
coefficient of the absorption spectrum, so that the correspondence was almost quantitative. 
From the spectral dependence of the photocurrents at higher energies it was previously! 
concluded that there were peaks in the absorption spectrum at 35,700 and 43,100 cm.7, 
in each case the light polarized parallel to the b direction being more strongly absorbed. 
These conclusions are now seen to be correct, and the usefulness of the photocurrent 
method vindicated in this instance at least. 

The observed and calculated spectral properties in naphthacene are summarised in 
Table 5. Systems I and III show clear agreement in all cases. System IV shows agree- 
ment between experiment and the calculations both of Pariser and of Ham and Rudenberg. 
Agreement is possible also with the Klevens and Platt’s assignment if the transition is 
made allowed by an appropriate vibration. System II is doubtful, but on the whole the 
modern theories have been successful in predicting the polarization properties of the 
transitions. 


TABLE 5. Observed spectral properties of naphthacene compared with theoretical results. 


, Klevens 
Mof- and Ham and 
Sys- Obsd. in fitt « Pariser ® Platt ¢ Rudenberg ¢ 
tem solution Obsd. in crystal Assign- f ev Assign- Assign- ev f 
ev f pol. ev he fo  (calc.) ment (calc.) (calc.) ment ment -) (cale.) 
I 2-6 0-11 z 24 02 0-04 0-10 z 1B,* 0-44 3-1 s ZL, I, . 0-8 
buried buried? 0-002 y Ly Ty , 0-03 
11 42010 yorz 45 002 <0-02 z 1B, 016 47 WL, 
III 4-5 1-37 y #5(b) 2? <002 2:16 y 1B, 3:78 5&1 y 1Bh y 'B, . 3°97 
IV 54 009° z 56 ? 0-04 z 'B,,* 0-00 6-5 forb. 'C, 1B, . 0-75 
(to cut 
off) 
V 5-9 0-45 1B. 1:20 69 «z 1B, Ty, 
VI 69 0-27 1B,* 0-09 7:2 IC. 


* Ref. 5. * Ref.7. ¢ Ref.4. 4 Ref. 6. * Total fim, = 0-28. 
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1003. Luminescence from Anthracene Crystals and its Temperature- 
dependence. 


By L. E. Lyons and J. W. WaHite. 


The variation of the luminescence from crystals of anthracene is reported 
over the temperature range 4—300°k. Changes occur most markedly over 
certain ranges, some bands increasing, others decreasing, in intensity, 
Factors causing the variation include (i) the increasing importance at higher 
temperatures of origins of relatively high energy; (ii) a Franck—Condon 
type of intensity distribution; (iii) reabsorption; (iv) thermal degradation 
(which is especially important above 130°K). The “edge” bands are 
considered in terms of the interaction of phonons and excitons, free or 
trapped. Oxygen has small but definite effects on the variation in 
luminescence. 


Tue luminescence from anthracene crystals is not yet understood although the electronic 
spectrum of anthracene crystals has been investigated by a number of workers recently.** 
The “‘ edge-bands ”’ which appear often in both absorption and fluorescence have been 
studied particularly by some authors,)? and various theories have been advanced to 
account for them. The present work studied the temperature dependence of these bands 
and of the other regions of luminescence. 


EXPERIMENTAL 


The luminescence was excited by a mercury “ black’ lamp applied continuously, and was 
detected with a 1P28 photomultiplier attached to a ‘‘ Uvispek’”’ monochromator, the wave- 
length drum being driven by a synchronous motor. The 100 c./sec. signal was fed to a phase 
detector, an amplifier which had a maximum gain of 10’, and a pen recorder of which the full- 
scale deflection was produced by 5 mv. The sensitivity of the apparatus was limited by the 
noise of the photomultiplier so that only those light levels above 10° quanta/sec. on the photo- 
multiplier could be observed. In earlier experiments a constant-deviation spectrometer was 
converted into an automatic instrument by moving the prism mount periodically with the aid 
of a synchronous motor. This apparatus was capable of recording photographically the whole 
spectrum shown instantaneously on the screen of a cathode-ray tube. The rapidity of recording 
was obtained in order to follow rapid changes in the spectrum arising from a fast warm-up of 
the sample. The changes in the spectrum were in fact so slow that rapid registration was 
unnecessary and the luminometer first described was therefore most used. The temperature 
of the sample was varied by first cooling it to 4° k in a liquid-helium cell and then allowing the 
helium to evaporate and the sample to warm-up at a natural rate. The temperature was 
measured with three devices. A standard platinum-resistance thermometer was used to 
calibrate a manganin resistance thermometer which was the main measuring device. Two 
copper—constantan thermocouples were calibrated against the platinum thermometer and were 
able to be coupled to a pen-recorder to obtain a permanent record of warming curves. One 
thermocouple measured the temperature of the face of the sample, the other that of the 
radiation shield. 

The anthracene had been purified by distillation with ethylene glycol, sublimation, and 
chromatography. 


RESULTS 


The variation of the luminescence spectrum with temperature is shown in Fig. 1 for a 
polycrystalline sample. The spectrum varied in details from sample to sample but for 


1 Pesteil and Barbaron, J. Phys. Radium, 1954, 15, 92; Sidman, Physical Rev., 1956, 102, 96; 
Ferguson and Schneider, Canad. J. Chem., 1958, 36, 1070; J. Chem. Phys., 1958, 28, 761; Fugol and 
Shulga, Optika i Spektroskopiya, 1958, 5, 34. 

* Craig and Hobbins, /., 1955, 539, 2309; Kallmann, Kramer, and Sucov, J. Chem. Phys., 1955, 
23, 1043; Bree and Lyons, J., 1956, 2662; Lyons and Morris, J., 1959, 1551; Wolf, Z. Naturforsch., 
1958, 18a, 414. 

* Prikhotjko and Fugol, Optika i Spektroskopiya, 1958, 4, 335. 
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both polycrystalline samples and single crystals there was a general result in nearly all 
cases, viz., that as the temperature rose the intensity in each of the three main regions of 
luminescence shifted to higher energies. Superposed on this result was the increasing 
reabsorption of the luminescence in the region 24,000—25,000 cm., producing a gradual 
partial disappearance of the peak which had a maximum at about 24,700 cm. at 4°x, 
Despite the effect of reabsorption, it can be seen in Fig. 1 that there is a steady increase 
in the luminescence occurring above 25,000 cm.*! as the temperature is raised. 

The variation in intensity of some individual bands with temperature is shown in Fig. 2. 
All bands do not behave similarly. The following types of behaviour were observed 
together with intermediate cases. 

(i) The band shows a marked decrease in intensity as the temperature rises from 4° to 
100° k, thereafter remaining weak. Examples are those at 24,900, 24,870, 24,815, 24,660, 
24,600, 24,485, 23,515, 23,350, and 23,150 cm.-1. 














A 
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= Fic. 1. The luminescence spectrum of an anthracene 
¥ crystal 5 ws thick at various temperatures. 
a 8 A, 300° x. B,78°xK. C, 4° K. 
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=) 
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Cc 
J j 
25 23 2! 


v (10° em"! ) 

(ii) The band shows a marked increase in intensity between 0° and 100°K. Above 
100° k the intensity remains constant over a range of temperature and then decreases, as 
does the band at 23,610 cm.~, or else remains approximately constant, as does that at 
25,050 cm.-!. Luminescence increases with temperature, e.g., for bands at 25,310, 25,275, 
25,170, 25,120, 25,070, 24,980, 23,915, 23,795, 23,660, 22,940, 22,690, 22,435, and 
22,215 cm.}. 

(ii) The band may not change greatly in intensity with temperature, e.g., those at 
24,050 and 22,065 cm.?. 

Regions in which the intensity increases as the temperature was raised to 100° K were 
found to alternate with those in which the intensity decreased. Increases occurred 
generally in the regions 25,500-—24,950, 24,000—23,600, and 22,800—-22,200; decreases 
in the regions 24,900—24,400, 23,450—23,000, and 22,100—21,500. In certain cases 
slight variations were observed from one experiment to another. The limits of the regions 
of increase and decrease are therefore approximate. 

Oxygen had small but definite effects on the temperature-dependence curves. The 
introduction of 0-1 mm. of oxygen on to an outgassed sample caused an immediate increase 
in the temperature (about 70° kK) at which a marked change in luminescence occurred [see 
Fig. 2(c)]. Oxygen (0-1 mm.) made the high-energy tail on the luminescence spectrum 
more intense but was not essential for its appearance. The 24,960 cm. band was doubled 
in intensity by oxygen. The 23,610 cm. band varied in intensity between 4° and 50° k 
only in the absence of oxygen [Fig. 2(c)]. 

The gross features of the spectrum at 4°K are the three main groups of peaks and a 
fourth of lower intensity. These groups are separated by approximately 1400 cm.-, an 


ee a 











al] 
of 


1g 
al 


se 


9 


to 
0 


ats 


it 





[1960] Anthracene Crystals and its Temperature-dependence. 5215 





Fic. 2(a). Variation of the intensity 
of luminescence of particular bands 
with temperature between 30° and 
300° kK. 

I, Polycrystal. II, Single crystal. 
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Fic. 2(c). Effect of oxygen on the temperature 
dependence of the luminescence at 23,610 cm.*. 
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Fic. 2(b). Examples of luminescence at 
24,680 cm.-! which decreases with increase 
of temperature. 


Three separaie experiments are shown. 
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interval which is close to a well-known frequency of a totally symmetrical vibration in 
molecular anthracene. At higher temperatures the separation of approximately 1400 
cm.~! is still discernible although the reabsorption makes it less obvious in some cases, 
Thus, although at higher temperatures the main groups of peaks are different in energy 
from those which occur at 4° k, yet the intervals between the main groups are more nearly 
constant with temperature. These considerations suggest the important conclusion that 
at different temperatures the luminescence spectrum is built upon different origins. This 
change of origin is the basis for understanding the variation of the spectrum with tem- 
perature. The problem is then to explain why the origins shift with temperature. 

The existence in crystals of anthracene and of other similar substances of various edge 
bands which have been observed in both absorption and fluorescence is now well established, 
The existence of a considerable number of electronic origins in the crystal is therefore an 
accepted fact. The nature of these origins has not yet been explained. Adding the 
results of the present work to that already reported by others, we now think that edge 


Fic. 3. Comparison of the observed luminescence at 24,985, 25,030, 25,070, 25,110 cm.-! with the 
calculated occupancy of those levels relative to 24,930 cm." as the base level. 
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bands include bands at 25,370, 25,310, 25,275, 25,170, 25,110, 25,070, 25,030, 24,9835, 
24,930, 24,870, 24,815, 24,770, 24,715, and 24,670 cm.*. The error is probably 5—10 cm.* 
in many cases. Of these, those which already have been found both in absorption and 
fluorescence are at 25,110, 24,985, 24,930, 24,870, 24,815, 24,770, and 24,670 cm... A 
large number of other bands were found in the present work at an intensity too weak for 
certain recording. Those reported in the above list are those of whose existence there 
is little doubt. 

The question now arises whether or not there is any thermal equilibrium amongst the 
various luminescing levels. The assumption of thermal equilibrium, governed by Boltz- 
mann statistics, gives at least a partial explanation of the variation in intensity of various 
bands with temperature, at least up to 100° k. As the temperature is raised the occupancy 
of the base level decreases, that of any other level increases, at least at first. The broad 
similarity of curves, calculated on Boltzmann statistics, to the results in Fig. 2(a) suggests 
that this type of explanation of the luminescence might be useful. Fig. 3 shows calculated 
occupancies and observed luminescence for a series of levels spaced at 40—50 cm.* as 
shown. The ordinate for the 24,985 cm. curve only has been chosen to give agreement 
at 120°. The level near 24,950 cm. on this view is therefore nearer to the base level 
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than the 25,010 cm.“! level. The base level is therefore tentatively placed at 24,900 cm.7. 
The behaviour of the luminescence near 24,900 cm.* is as follows. Between 4° and 30° k 
the intensity drops rapidly, then increases until 90° K is reached, above which temperature 
the intensity again falls. The occupancy of the base level on the statistical assumptions 
continuously decreases and the simple statistical picture might explain the initial drop in 
intensity at 24,900 cm.-!, but cannot explain the subsequent rise. The rate of the initial 
decrease in the base level is greater than a 40 cm. interval would predict. A level about 
10 cm. above the base gives a better quantitative result. A further difficulty for the 
simple explanation is that luminescence from levels above the base level is not predicted 
at very low temperatures. For 24,950 cm. there is a decrease as the temperature rises 
to about 20° K; for 25,050 cm.+ a decrease to about 45° k. Only above these temperatures 
does the luminescence increase. The decreases are not predicted on the simple assumption 


Fic. 4. A luminescence curve observed at 
6° K and curves calculated from it for = te ‘ 
100° K and 214° K: thermal distribution Fic. 5. Intensities of luminescence at 40, 


over origins equally spaced at 40 cm."1 is 80, 100, and 240 cos.”* frome the origin of 
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used if the base level is near to 24,900 cm.*. If the base level is at a higher energy, then 
a problem remains, but it is to explain the increase in luminescence following a decrease. 

In general, luminescence at a position in the spectrum can be associated either with 
an origin at that position, in which case the occupancy of the originating level is the 
determining factor, or else with an origin or origins at higher energies, in which case the 
occupancy of the higher levels is important together with the distribution of intensity 
throughout the lumiriescent spectrum based on the relevant origins. In anthracene 
crystals both in absorption and luminescence there appears to be a strong Franck—Condon 
effect. This effect causes the maximum of luminescence to occur at about 300 cm. below 
the origin. The equilibrium positions of the molecules in the excited crystal are therefore 
different from those in the ground state. If we assume, and this is an approximation, that 
the distribution of intensity is independent of the origin with which it is associated then the 
curves of Figs. 4 and 5 are calculated. 

Fig. 4 shows the curve observed at 6° Kk and others calculated from it for 100° k and 
214°k. The growth of the high-energy tail and the shift of the maximum are indicated. 
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Fig. 5 shows the luminescence as a function of temperature for various spectral positions. 
The scale is such that the luminescence is 27 units at the peak of the spectrum. Fig. § 
includes the changes brought about by introducing Franck—Condon assumptions. There 
is no decrease with a temperature rise. Any observed decrease must therefore be attributed 
to a thermal degradation which converts energy of the excited state into heat. Such a 
degradation takes place generally, and is observed here as a general decrease in luminescence 
above about 140° k. 

Yet another process which must be considered is the effect of reabsorption and its 
consequence of a greater luminescence at lower energies and less at higher energies. The 
overall result is shown clearly in Fig. 1. It is noteworthy that the high-energy tail on the 
luminescence spectrum appears at higher temperatures in a region where the overall 
luminescence decreases markedly. Reabsorption effects are greater the greater the energy 
in the spectrum and the greater the temperature. The extinction coefficient will be given, 
a near continuum of vibrational levels of suitable symmetry being assumed, by e(v) = 
e, exp [h(v — vo)/kT] where e, is the value of ¢ at vg, the origin of the absorption. For more 
than one origin the single exponential term is replaced by a sum. Such a relation can 
explain the overall decrease of luminescence at the higher energies as the temperature is 
raised to 300° Kk. Reabsorption must therefore play a part in the final full theory of the 
variation of the luminescence spectrum with temperature. Its effects may be neglected 
(i) at sufficiently low temperatures, (ii) when the temperature is changed over a sufficiently 
small range, (iii) when (v — v9) is sufficiently large, and (iv) when « is sufficiently small. 

The main conclusions of the foregoing discussion are not likely to be altered by 
considerations of reabsorption, 7.e., that a Boltzmann distribution over the existing origins 
and a Franck—Condon effect are both important in these spectra. 

The nature of the various origins has not so far been considered. Sidman } suggested 
that trapped exciton levels existed at energies lower than the free exciton levels. The 
interaction of trapped excitons with phonons and their consequent detrapping is a process 
which does not seem to have been considered previously. The effect of temperature on 
luminescence arising from trapped excitons must inevitably require a discussion of such 
an interaction. It seems likely that excitons in hollow traps will leave the traps at 
sufficiently high temperatures and become mobile. This type of explanation fits very 
nicely with the effect of temperature on the luminescence from anthracene crystals 
containing naphthacene.* 

In addition, those transitions should be observable in both absorption and luminescence 
which involve absorption or an emission of a phonon simultaneously with the change in 
electronic energy. The exciton wave-vector is approximately equal to +7, where p 
is the wave-vector of the phonon. It has been shown * that such transitions might explain 
both the energy and the polarisation of the edge bands * of luminescence of anthracene at 
low temperatures. Therefore there is no need at present to postulate impurities as 
necessary for the explanation of the luminescence. However, it is not yet possible to 
exclude completely such an explanation, especially in view of the demonstrated influence 
of oxygen. The final explanation must take account of the interaction of phonons with 
both free and trapped excitons and the observed results on both pure and mixed crystals, 
after the effects of oxygen have been excluded. 


We thank Mr. A. Lacey for his co-operation in the use of the luminometer; Mr. P. Alexander 
for help with some of the calculations; the C.S.I.R.O. Standards Laboratory for the provision 
of liquid helium and for help in thermometry; and the Commonwealth Research Fund for a 
Studentship to J. W. W. 
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* Lyons and White, J. Chem. Phys., 1958, 29, 447; White, M.Sc. Thesis, Sydney, 1959. 

*° Davydov, Izvest. Akad. Nauk, S.S.S.R., Ser. Fiz., 1951, 15, 606. 
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1004. Reduced Cyclic Compounds. Part IX.* The Preparation of 
trans-Deca-5,9-dienoic Acid and its Cyclisation to A*-Octal-1-one. 


By M. F. ANsELL and J. W. DuckKER. 


A one-stage conversion of an alkadienoic acid into a bicyclic ketone is 
reported. 


TuE cyclisation of olefinic acids to cycloalkenones is well known ! and the “‘ double cyclis- 
ation ” of 8-phenyl-trans-oct-5-enoic acid and related compounds to tricyclic ketones has 
been reported.2 The one-stage conversion of an alkadienoic acid into a bicyclic ketone has 
not previously been reported. Previous * cyclisations of dienoic acids have yielded lactonic 
material; ¢.g., geranylacetic acid (I) yields the lactone (II), intramolecular alkylation 
CO,H 6 
‘co 
YS 
(I) (II) 


occurring in preference to intramolecular acylation. Since the conditions for intra- 
molecular alkylation are known § to be that the double bonds must be 1,5 to each other and 
that one double bond must be triply substituted it was considered that with trans-deca-5,9- 
dienoic acid, in which the latter condition is not fulfilled, cyclisation to a bicyclic ketone 
should occur. 

trans-Deca-5,9-dienoic acid was prepared by coupling of the Grignard reagent of 
4-chlorobut-l-ene with 2,3-dichlorotetrahydropyran, followed by ring scission of the 
resulting 2-but-3’-enyl-3-chlorotetrahydropyran to ¢rans-nona-4,8-dien-l-ol. This was 
converted by carboxylation of the Grignard reagent of the derived chloride into the required 
dienoic acid (III). Action of polyphosphoric acid on the acid (III) gave only 5-hydroxy- 
dec-8-enoic lactone (IV). Thus although, as expected, no intramolecular alkylation 


O° 


CO,H fe) 
S (111) (IV) (V) 


occurred, neither had intramolecular acylation. When, however, the lactone was treated 
with polyphosphoric acid, a small yield of A®-octal-l-one (V) was obtained. The expected 
product, a A®- or A®-octalone, evidently isomerised to the conjugated ketone. 

It was not possible to effect this cyclisation with polyphosphoric acid without isolating 
the lactone. When, however, trans-deca-5,9-dienoyl chloride was treated with aluminium 
chloride, the A®-octalone was obtained directly. This constitutes the first one-stage 
conversion of an alkadienoic acid into a bicyclic ketone. 


EXPERIMENTAL 
Refractive indices are at 20°. 


2-But-3’-enyl-3-chlorotetrahydropyran.—A solution of 2,3-dichlorotetrahydropyran* (0-8 
mole) in ether (300 ml.) was added to a decanted solution of the Grignard reagent prepared 


* Part VIII, J., 1959, 2994. 


1 Inter alia, (a) Ansell and Brown, ]., 1958, 2955; (b) Riobe, Compt. rend., 1958, 247, 1016. 

* Ansell and Brown, J., 1958, 3956; Ansell and Ducker, preceding paper. 

* Inter alia, Stork and Burgstahler, J. Amer. Chem. Soc., 1955, 77, 5068; Tribolet, Gamboni, and 
Schinz, Helv. Chim. Acta, 1958, 41, 1587. 

* Mondon and Teege, Chem. Ber., 1958, 91, 1014. 

5 Schinz, Helg, Zobrist, Lauchenauer, Brack, Caliezi, Stauffacher, and Zweifel, Helv. Chim. Acta, 
1956, 39, 1269. 

* Crombie and Harper, /., 1950, 1707. 
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from 1-chlorobut-3-ene * (91 g., 1-0 mole) in ether (600 ml.) at such a rate that steady refluxing 
was maintained. After being stirred for a further 30 min., the mixture was poured on ice 
(600 g.) and ammonium chloride (30 g.). The ethereal layer was separated and the aqueous 
layer extracted with ether (2 x 200 ml.). Distillation of the dried (MgSO,) combined extracts 
gave cis- and trans-2-but-3’-enyl-3-chlorotetrahydropyran (87 g., 62%), b. p. 80—108°/13 mm. n, 
1-4685—1-4762. A redistilled sample had b. p. 85—86°/13 mm., m, 1-4701 (Found: C, 61-7; 
H, 8-9; Cl, 20-1. C,H,,ClO requires C, 61-9; H, 8-7; Cl, 20-4%). 

trans-Nona-4,8-dien-l-ol.—A small amount of a solution of the above chloro-ether (44 g., 
0-25 mole) in ether (100 ml.) was added to a stirred suspension of sodium sand (12-7 g:, 0-55 g.- 
atom) in ether (200 ml.). After a few minutes, reaction set in, and the remainder of the solution 
was then added at such a rate that vigorous refluxing was maintained. The mixture was then 
stirred at room temperature for 30 min. and sufficient water (ca. 200 ml.) then added to give two 
clear phases. The ethereal layer was separated and the aqueous phase extracted with ether 
(2 x 100 ml.). Distillation of the dried (MgSO,) combined extracts gave trans-nona-4,8-dien- 
l-ol (29-4 g., 84%), b. p. 104—106°/14 mm., m, 1-4618 (Found: C, 77-2; H, 11-2. C,H,,0 
requires C, 77-1; H, 11-4%). 

trans-1-Chloronona-4,8-diene.—Thionyl chloride (60 g., 0-5 mole) was added slowly to a 
stirred, boiling, solution of ¢vans-nona-4,8-dien-l-ol (70 g., 0-5 mole) and pyridine (1 ml.) in 
benzene (500 ml.). The mixture was then boiled until evolution of gas ceased, cooled, and 
poured on ice. The organic layer was separated, washed with water, saturated sodium 
hydrogen carbonate solution and water, dried (MgSO,), and distilled, to yield after removal of 
the solvent, ¢vans-1-chloronona-4,8-diene (62-5 g., 79%), b. p. 84—85°/15 mm., m,, 1-4615 (Found: 
C, 68-4; H, 9-3; Cl, 22-5. C,H,,Cl requires C, 68-1; H, 9-5; Cl, 22-4%). 

trans-Deca-5,9-dienoic Acid.—This acid was prepared in 63-5% yield on a molar scale by 
carboxylation of the Grignard of trans-1-chloronona-4,8-diene (cf. preparation of hex-5-enoic 
acid ™*) and had b. p. 98—100°/0-2—0-3 mm., m, 1-4626 (Found: C, 71-6; H, 9-6. C,,H,,0, 
requires C, 71-4; H, 9-6%). The derived acid chloride (prepared by the action of oxalyl 
chloride *) had b. p. 64—65°/0-3 mm., n, 1-4670 (Found: C, 64-2; H, 8-3; Cl, 18-7. C,9H,,ClO 
requires C, 64-3; H, 8-0; Cl, 19-0%), and the derived amide [needles from light petroleum (b. p. 
60—80°)] had m. p. 7¢77° (Found: C, 71-8; H, 9-8; N, 8-6. C,9H,,NO requires C, 71-8; H, 
10-2; N, 8-4%). 

Action of Polyphosphoric Acid on trans-Deca-5,9-dienoic Acid.—This acid (1 g.) was treated 
with polyphosphoric acid (10 g.) at 70° for 25 min. by the general cyclisation procedure 
previously described..* Treatment of the crude product with Girard’s reagent ® did not afford 
a volatile ketone, but distillation of the non-ketonic fraction yielded 5-hydroxydec-8-enoic 
lactone (0-5 g.), b. p. 149—151°/18 mm., m,, 1-4660 (Found: C, 71-9; H, 9-5. C,9H,,O, requires 
C, 71-5; H, 95%), which was insoluble in sodium hydrogen carbonate solution but soluble in 
warm 2n-sodium hydroxide. The infrared spectrum of this compound showed absorption 
at 5-8 u, indicating 1 a six-membered lactone, and at 6-1, 6-95, and 11-0 u, indicating a terminal 
double bond. 

Treatment of this lactone with polyphosphoric acid, as above, at 100° for 30 min. gave A%- 
octal-l-one (10% yield on 0-024-molar scale), b. p. 70—75°/0-5 mm., , 1-4901. The derived 
2,4-dinitrophenylhydrazone (crimson laths from ethanol-chloroform) had m. p. and mixed 
m. p. 271—272° (decomp.) (for previously recorded constants see below). 

Cyclisation of trans-Deca-5,9-dienoyl Chloride.—This acid chloride (0-038 mole) was cyclised 
with aluminium chloride in carbon disulphide (as described ' for the cyclisation of pent-4-enoyl 
chloride). Distillation gave A*-octal-l-one (17%), b. p. 65—70°/0-3 mm., m, 1-4931 (lit.," b. p. 
85—92°/3 mm.). The 2,4-dinitrophenylhydrazone had m. p. and mixed m. p. 271—272° 
(decomp.) [lit., m. p. 266-5—267° (decomp.)]; the semicarbazone had m. p. and mixed m. p. 
246—247° (lit.,11 m. p. 242—243°); the oxime (needles from aqueous ethanol) had m. p. and 
mixed m. p. 148—149° (lit.,12 m. p. 144—145°). 


7 Roberts and Mazur, J. Amer. Chem. Soc., 1951, 78, 2509. 

* Bauer, Oil and Soap, 1946, 23, 1. 

* Vogel, “ Practical Organic Chemistry,’” Longmans, Green & Co., London, 1956. 

1 Weisberger (ed.), ‘‘ Techniques of Organic Chemistry,” Vol. IX, Interscience Publ. Inc., New 
York, 1956. 

11 Bowman, Ketterer, and Chamberlain, J. Org. Chem., 1953, 18, 905. 

12 Cook and Lawrence, J., 1937, 817. 
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The authentic specimens were obtained from A®-octal-l-one prepared by Huckel and Naab’s 
method."* 


The authors are indebted to the D.S.I.R. for an award (to J. W. D.) and to the University of 
London Central Research Fund for financial assistance. 


QuEEN Mary COLLEGE, UNIVERSITY OF LONDON, 
Mite Enp Roap, Lonpon, E.1. (Received, May 9th, 1960.) 


13 Huckel and Naab, Annalen, 1933, 502, 136. 





1005. Absolute Intensities in the Infrared Region for Some 
Benzene Combination Bands. 


By F. E. Dunstan and D. H. WHIFFEN. 


The absolute infrared intensities have been measured for the combination 
bands in the region 1500—2000 cm.“ derived from the out-of plane vibrations 
for benzene and p-dideuterobenzene. They are satisfactorily interpreted 
with the aid of one dipole gradient parameter, @y/dy* = +1-20 p, but an 
improved fit is obtained with two gradient parameters, @y/@y;* = +1-10 p 
and @/dyj0yj+2 = 40°14 D. 


Many absolute intensity measurements have been made ! on infrared active fundamentals 
and there has been some work on the overtone bands of X-H stretching vibrations.?* 
The combination bands of the out-of-plane vibrations of benzene and its derivatives tend 
to be strong, are in the range 1600—2000 cm.* which is relatively free from fundamentai 
absorption, and their interpretation is well known.7" From qualitative measurements 
it has been suggested ®2° that the important quantity governing the intensity of these 
bands is a very high value of the second derivative of the dipole moment with respect 
to the out-of-plane C-H deformation, @y/@y*. The present gas-phase measurements on 
benzene and #-dideuterobenzene were undertaken to test whether one such quantity 
satisfactorily explained the intensities of all the bands and to obtain its numerical value. 


EXPERIMENTAL 


The intensities were measured on a single-beam grating spectrometer and also on a Perkin- 
Elmer 21 with a sodium chloride prism used with narrow slits to give an effective slit width 
of < 5cm.. No appreciable difference of intensity was observed between the two instruments, 
and the Perkin-Elmer was used for the majority of measurements, especially where atmospheric 
water vapour interferes with single-beam measurements. 

The measurements were made in a l-metre (+0-25%) folded-path cell from the Perkin- 
Elmer Corporation, and nitrogen to a pressure of 700 mm. was added to give sufficient !* pressure 
broadening. Some trouble was experienced with absorption of benzene vapour inside the cell 
so that the pressure gradually fell after the cell was filled. This trouble was reduced by allowing 
the cell to come to equilibrium with benzene vapour before a brief pumping and filling to the 
desired pressure. The pressures thereafter estimated from the absorption intensity at 1038 


Mills, Ann. Reports, 1958, 55, 55. 

Wolf and Liddel, J. Amer. Chem. Soc., 1935, 57, 1464. 

Moccia and Thompson, Proc. Roy. Soc., 1957, A, 248, 154. 

Russell and Thompson, Proc. Roy. Soc., 1956, A, 284, 318. 

Benedict, Herman, Moore, and Silverman, Canad. J. Phys., 1956, 34, 850. 
Benedict, Herman, Moore, and Silverman, ]. Chem. Phys., 1957, 26, 1671. 
Young, DuVall, and Wright, Analyt. Chem., 1951, 28, 709. 

Whiffen, Spectrochimica Acta, 1957, 7, 253. 

Kakiuti, J]. Chem. Phys., 1956, 25, 777. 

Kakiuti, J. Chem. Soc. Japan, 1956, 77, 1839. 

Kakiuti, J. Chem. Soc. Japan, 1959, 80, 28. 

* Spedding and Whiffen, Proc. Roy. Soc., 1956, A, 288, 245. 
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cm. were about 10% lower than those read on a glycol manometer. The absorption of this 
fundamental band was found to be 0-415 x 107 cm.? molecule™ sec. using a 10-cm. glass 
cell and the Perkin-Elmer spectrometer; this is in good agreement with the earlier value 
of 0-44 x 107 and with the value obtained at the University of Minnesota ™ of 0-42 x 107. 
Consequently this value, 0-42 x 107 for the band at 1038 cm.*, was used to evaluate the exact 
benzene pressure in the cell; the value 0-21 x 107 was used for the corresponding band of 
p-dideuterobenzene at 1034cm.+. Measurements at five or more pressure were taken for each 
band and the standard deviation about the mean values was 5% or less for each band. The 
p-dideuterobenzene was that used previously.!* 


THEORY 


Assumptions.—A full and exact treatment of the intensities of these combination bands 
would involve the introduction of a wide variety of cubic potential constants and second 
derivatives of the dipole moment function. The cubic constants are relatively un- 
important in this case and are neglected altogether. The unimportance is due to the 
facts (i) that none of the combining fundamentals (antisymmetric to the ring plane) can 
have the same symmetry as the combination level (symmetric to the ring plane). (ii) 
There are no fundamentals of the correct symmetry in the range 1700—2000 cm. which 
could interact with the combination level (Fermi resonance). This effect may be present 
below 1700 cm.*. 

It would also be inappropriate for interpreting results of the present accuracy to retain 
all seven relevant second derivatives of the dipole-moment function. Those involving 
explicitly distortion of the carbon skeleton are therefore omitted. This is justified since 
the absorption above 1500 cm.* arises predominantly from C-H distortion. 

This leaves three terms proportional to the second order of the C-H bendings. These 
can be chosen in two ways. Either the distortion_can be measured from the external 
bisector of the ring angle, as is usual for the potential energy, in which case, with the 
usual symbols, the coefficients retained are of the form @y/@yj0y,. Alternatively ® the 
distortions can be measured from the equilibrium positions in the molecular plane, in 
which case the coefficients are of the form #p/00;00, with 0 defined by 


79; = (z — Z5) 
whereas rey = (2 — Zj) + 0(Zj_y — 2Z; + 25,3) 


The difference between the two dominant terms can be seen pictorially in the Figure. 
Had it not been necessary to ignore the ring-distortion terms the two treatments would 
necessarily express the same dipole function in different co-ordinates. However, with 
the incomplete set the two forms predict different relative intensities and can be compared 
with the experiments. 


Pu on" 
H-C—c—c—co--- ce eX. Meta wees Sia 
(a) (b) (c) 


Dipole moment assumed in treatment I for distortion: (a) (ys?/2) (@/dy,j*); (b) 0; (c) (W?/2) (@%/ay;*): in 
treatment IT (a) (y*/2) (2% u/00;*); (b) (Yy*/2) (2% u/00;*); (c) 0. 
All relevant dipole moments lie in the piane of the ring which is seen edge on. 


Algebraic formulation. Symmetry requires that the dipole arising from the terms in 
@1/0yj0y, lies along the bisector of the angle between the 7 and the & position and the 


4 Crawford and Overend, personal communication; Hisatsune and Jayadevappa, J. Chem. Phys., 
1960, 32, 565. 
4 Whiffen, Phil. Trans., 1955, A, 248, 131. 
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ring centre. Added vectorially, the retained terms contribute to the dipole as in eqns. (1) 
and (2) : 
Be = «+» + BP. 24 yQ? + 79 — 95? — ¥Q°)(2*Pu/ 044") 
+ 21472 + 2273 + ysva — Yas — 278%6 — Yers)(Pul Ors Oy; 41) 
+ 3+. 2°(yy7g + Yava — Ya¥e — Yevs)(Pu/ O75 Oyj 42)--- (1) 


ty = «.- 24A(Zyy? + 9? — yg” — Bg? — yg? + ¥67)(2* Pu/Oy;*) 
+ 34. 27° (yyv2 — sve — Ya¥s + Ve¥s)(Pe/ O75 O54.) 
+ 2 (ns — Ye¥a — 2737s — Ya¥e + Ye¥1 + 27672) (# | oy; Oy; +2) ++ (2) 


For use in computing the transition moments these must be transformed into the symmetry 
co-ordinates; the expressions are then 


te = «- « (2# Sy) Syog + 24 Sy Syzq + Sioa Siz + Stos Srzq)(2* 79°? Pu / Oyj?) 
+ Bt. 24(Syy Siog — Ss Siza)(70® Ful Oy; O75 4.1) 
+ (24 Syy Syoa + 27 S5 Syza — Stoa Size — Stoo Stra) (Po? P| Oyj Oj4.1)--- (3) 


By = «+ (24 Say Sy, — 24 Ss Syz5 + Stop Say — Sto Srza)(27 79? Pu/ ey?) 
+ 3. 24(—Sy S39 + Ss Sin) (%o? OPy/ Oy; Oyj +1) 
+ (= 27 Syy Syop — 2 Ss Spe — Syoo Size + Sioa Srza) (Po *® Pu] Oyj Oyj42)--- (4) 


Such quantities as @y/@S, S,,, are readily obtained from eqn. (3). 
In terms of the distortion angle 6, eqns. (1) and (2) remain entirely unchanged in form, 
y being replaced by 0 throughout. It is convenient to introduce new symmetry co- 


ordinates S which are the same functions of 6 as the S are of the y. Equations (3) and 
(4) then hold provided S is replaced by S and y by @ throughout. The relations between 
S and S are given by eqns. (5)—(9): 





Se | ee ae, 
Bae Sa OT! Poe ETRE peg Oe eee 
ae a he 
cS _ Me, + M,(p + 1) 
Stee = jy, + male + 1)* ee ee 








= _ 3m, + (my + m,)(o + 1) 2i(m, — ms)e(o + 1) 


10 “~ 3m, + (2m, + m,)(e + 1)?~™ T 3m, + (2m, + ms)(p + 1)? [(e + 4*)Sq+ Ss] (9) 


Equations (8) and (9) apply only to molecules of V;, or Dg, symmetry which includes the 
cases of interest here. The masses enter eqn. (8) and (9) through the condition of no 
rotation which must be applied since the angles 0, in contrast to y, are non-zero for pure 
rotation. m,, m, are the masses of the hydrogen (or deuterium) atoms in the positions 
indicated and m, is the mass of a carbon atom. 
The normal expression for a transition intensity * can be written 
band area/molecule = ak 0.0: nal” 

where the nomenclature is modified to be appropriate for the 0,0 to 1,1 combination of 
non-degenerate fundamentals vy; and v;. The relevant term in the dipole-moment expansion 


1S 
. » (Pp/0Q; 2Q))0; Qj. - 


18 Wilson, Decius, and Cross, ‘‘ Molecular Vibrations,’”” McGraw Hill, New York, 1955. 
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and, provided anharmonicity is neglected so that the combination level can be expressed 
as a product of harmonic oscillator wave functions of frequencies vy, and vj, 
rh nee 
lto.o:1a17 = oe a. (#u/0Q; 2Q;)? 


v ij 


and band area/molecule = yaw = (2u/aQ, 0Q,)2. 

For degenerate vibrations it is simplest to let ¢ and 7 refer to a particular orthogonal 
decomposition of the degeneracy and to sum the intensity over all ¢, 7 pairs which give 
the same combination frequency (v; + vj). The final expression is equivalent to that 
given by Kakiuti,® it being appreciated that in his convention Ky and Kj are to be added 
together whereas in the present form éy/@Q; 2Q; is not to be included as well as 
#Pu/OQ; 2Q;. 

The form in terms of the normal co-ordinates is readily transformed into one involving 
the symmetry co-ordinates by means of the usual matrices since 


HF ul@Qs 05 = ¥ (Mu/OSm Su)(@Smn/2Q1) (@Sn/ 205) 
= Di, mlj, n(Pp/@Sm ASp). 


For the formulation in @ it is convenient to introduce modified J, namely 7, which are 
the same function of / as S are of S. This leaves the form of the equations unchanged. 
Force field and normal co-ordinates. The force field and normal co-ordinates obtained 
previously * would be sufficiently accurate, but the occasion has been taken to modify 
slightly the exact numerical values. The chief adjustment has been in a change of the 
assumed C-H distance to 1-084 A and C-C to 1-397 A as required by the Raman spectra."* 


TABLE 1. 
Benzene Dag ex a las 
dig eibacees 991 707 851 673 969 406 
Niles canaineminnt 990 707 846 673 967 398 
i, —1-008 1-727 Ly 1-120 ly, 1-037 lig 0-650 0-954 
l, 1-457 —0-521 1, 1364 0-233 
Hexadeuterobenzene Dag Cg ay Coy 
ill. soeesines 838 591 662 494 798 349 
is. acevadiqenp. 829 599 660 496 789 345 
i 1-756 0-956 Io 0-871 1, 0-762 lig 0-865 0-764 
l, —1-377 0-053 lL, 1:186 0-108 
p-Dideuterobenzene bag bs, 
aay! - Sebsseb sc 960 744 631 880 596 373 
Shh shegaintbiny 957 736 633 873 596 364 
i, —1-041 1-458 0-888 I, 0-396 0-860 0-115 
l, 1-355 —0-624 — 0-053 lig 0-688 — 0-427 0-823 
lien 0-452 0-626 —0-542 Lizyp 1-212 — 0-306 0-144 


a, class = a decomposition of ¢,, for benzene. Also b,, class = a decomposition of ¢,, class of 
benzene. 

Frequencies in cm.-'; / in (a.m.u.)-#; observed = vapour-state frequencies of Brodersen and 
Langseth '” * where known, elsewhere liquid frequencies from the same sources. 


Also normalisation has been carried out to the more regular L* FL = A condition.” 

The revised force constants are ®, = 0-510, ©, = 0-412, ©, = 0-340, ©, = 0-248, 6, = 

0-197, 6, = 0-159, », = 0-240 and 4, = —0-158 mp/A. The frequencies and co-ordinates 

are shown in Table | and are compared with the experimental frequencies obtained by 
 Stoicheff, Canad. J]. Phys., 1954, 32, 339. 


7 Brodersen and Langseth, Kgl. danske Videnshab. Sclskab, Mat.-fvs. Skrifler, 1956, 1, No. 1. 
* Brodersen and Langseth, Kgl. danske Videnshab Selskab, Mat.-fys. Skrifter, 1959, 1, No. 7. 
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Brodersen and Langseth.!?18 The recommendations of Mulliken ® have been followed 
in designating the classes of p-dideuterobenzene since the existing literature is not consistent. 
This differs from that used by Whiffen *!* by replacing his subscripts 1, 2, 3 by 3, 1, 2, 
respectively, and from that of Brodersen and Langseth 1* by interchange of subscripts 
2 and 3 on the 6 classes. 


RESULTS AND DISCUSSION 


The observed intensities are quoted in the final column of Table 2. It is clear that for 
p-dideuterobenzene some of the experimental observations relate to two overlapping 
bands. 


TABLE 2. 
Calculated intensity 
Assignment Vobs. I II III obs 
Benzene 
Rea ee, Ak cticatican 990 + 967 1957 0-31 0-25 0-22 0-22 
Sr ETON A «acinctpinpnsesins 846 + 967 1808 0-20 0-29 0-28 0-29 
Bag X Cay TM Oyy | saddeciscee sees 707 + 967 — 0-05 0-02 0-05 <0-04 
ay 846 + 673 1528 0-15 0-41 0-11 0-09 
Dideuterobenzene 
Sere WL MAINL ibheieshiien 957 + 967 1930 0-21 0-18 0-18 0-20 
ET ey alae 957 + 873 0-09 0-06 0-05 
Bi heke crn: Ss a eg ae a 
x » = Bitte eee e ee eeees P . “ z 
by x a, a bey se abasds ack 736 + 982 } 1720 0-00 0-02 0-00 } O18 
ot ey eee 7 . . : 
EY co tiipenamatit 633 1. 967 J 1600 0-02 0-00 oon f 005 


Frequencies in cm.-!. All intensities x 10°? Jn cm.* molecule™ sec.-!. 


Column I shows the best fit with @,/@y,;* as the only non-zero parameter, and it 
is clear that this is a fairly successful parameter although the relative intensities of the 
benzene bands at 1957 and 1808 cm.! are wrong. The value required is @y/dy,;? = 
+1:20 b. 

Column II shows the best fit with @/30;2 as the only non-zero parameter though 
the band at 1528 cm." is incorrectly predicted to be the strongest, as in the related work 
of Kakiuti.? It is possible that this band has lost intensity by Fermi interaction with 
the fundamental at 1485 cm.+; but this mechanism is not available for the corresponding 
hexadeuterobenzene band at 1155 cm.. Treatment II gives this as decidedly stronger 
than bands at 1636 and 1458 cm.* in direct contrast to semiquantitative experiments.** 
Treatment II requires é*./86;2 = +-2-20 p and this seems extremely high. 

Several two-parameter treatments were tried, of which the most successful, III, 
allowed @/0y; dy;,. as well as @y/@y* to be non-zero. Quite a small value of this 
“meta ’’ type coefficient is required: column III of Table 2 shows the calculated values 
with @y/dy? = +1-10 D and @y/dy; dyj,, = 40-14 D. The relative signs found are 
such that if y; and y;,. have the same sign the net dipole directed from the centre of the 
ring to the (7 -+- 1)th atom is less than that produced by equal distortion with the hydrogen 
atoms at positions 7 and (7 +- 2) moving to opposite sides of the ring. 

In no case is the absolute sign of the dipole produced on distortion obtainable from 
the present experiments. Both experiment and naive theoretical expectations ™ 
suggest the hydrogen atom to be at the positive end of the first derivative with respect 
to out-of-plane bending, in which case it is more likely that it will be at the negative 
end of the dipole in the plane when this is governed by @y/@y;*. The “ effective " dipole 
moment for the C-H bond would be —@y/@* and is more likely to be of the same sign 
for the two cases. That there is not numerical agreement between the two values of 

* Mulliken, J. Chem. Phys., 1955, 28, 1997. 

*° Bell, Thompson, and Vago, Proc. Rov. Soc., 1948, 4, 129, 498. 

SF 
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“ effective ’’ bond moment, namely 0-61 D from @u/@y ™ and 1-10 D from @./@y;?, is just 
another example of the fact that the total dipole moment cannot properly be considered 
as consisting of a set of fixed bond moments whose direction, but not magnitude, is 
varied as the bonds are bent. The magnitude of @y/@y;? is so large that it may prove 
possible to calculate its sign more reliably than that of @u/@y for which there are two 
treatments *-22 which tend to favour the sign contrary to experiment.” 


We acknowledge with thanks a grant from the University Research Fund for the purchase 
of the 1-metre cell and a maintenance grant (to F. E. D.) from the Shell Fund. 


Tue CHEMISTRY DEPARTMENT, THE UNIVERSITY, 
BIRMINGHAM 15. [Received, May 18th, 1960.] 


*1 Coulson and Stephen, Trans. Faraday Soc., 1957, 58, 27: 
*2 Eggers, J. Chem. Phys., 1955, 23, 221. 
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1006. The Optical Behaviour of Electrolyte Solutions. 
By D. A. L. Hope, R. J. Orrer, and J. E. PRuE. 


The sensitivity of the absorption spectra of ions to the proximity of other 
ions is discussed. The dependence on the ionic environment of the optical 
rotation or absorption of several ions has been studied, and dissociation 
constants obtained from some of the results. The significance of such 
constants is discussed. 


BEErR’s law is obeyed by many electrolyte solutions. The insensitivity of the visible 
absorption spectrum of the ion Cr(H,O),3* to the ionic environment ? led Bjerrum ® to the 
conclusion that many electrolytes are completely ienised, changes with concentration of 
thermodynamic properties and conductance being ascribed to Coulombic forces which are 
without effect on the optical properties of ions. Subsequently, measurements‘ of 
extinction coefficients of electrolytes with an accuracy of 0-02%, revealed at some wave- 
lengths deviations from Beer’s law which would not have been detectable with earlier 
instruments; nevertheless, the accuracy with which in certain cases, even with highly 
charged ions, Beer’s law is obeyed up to ionic strengths of about 0-1, shows that long-range 
Coulombic interaction can have only a very small effect on absorption spectra. Recently, 
Schlafer * has calculated that these interactions will cause only small shifts in the absorption 
bands even in concentrated solutions, and has ascribed to this cause shifts of up to 60 A he 
observed for four peaks in the spectrum of manganese(11) chloride as the concentration of 
the solution rises to saturation (48m). Any change in extinction coefficients in dilute 
solutions must therefore be due to the effects of close encounters between ions. The 
maximum optical effect of the close approach of two ions arises if a new electronic transition 
becomes possible, as with ferric and thiocyanate ions.* The effect on an existing transition 
depends on the extent to which there is a change in the immediate environment of an 
orbital concerned in that transition. Thus, the visible spectra, with low extinction 
coefficients, of transition-metal cations are due ’ to transitions of electrons between orbitals 
in incompletely filled d-shells of the cations; these spectra are in the case of stable complex 
ions such as Cr(H,O),®* and Co(NH,),H,O** insensitive to ionic environment.** Smithson 
von Halban and Ebert, Z. phys. Chem., 1924, 112, 321. 

Bjerrum, Z. anorg. Chem., 1909, 62, 140. 

Bjerrum, 7th Internat. Congr. Applied Chem., 1909, Section X, p. 58, 

Kortiim, Z. phys. Chem., 1936, B, 33, 243. 

Schlafer, Z. phys. Chem. (Frankfurt), 1956, 6, 201. 

Orgel, Quart. Iev., 1954, 8, 422. 

Dunn, “ Modern Co-ordination Chemistry ’’ (ed. J. Lewis and R. G. Wilkins), Interscience 


Publishers, New York and London, 1960, p. 229. 
* Posey and Taube, {. Amer. Chem. Soc., 1953, 76, 1463. 
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and Williams ® suggest that such spectra are appreciably affected by added anions only if 
these enter the co-ordination sphere of the cation. On the other hand, the charge-transfer 
spectra of the same cations, which occur chiefly in the ultraviolet region, with high 
extinction coefficients, and are ascribed to electronic transitions to or from orbitals as- 
sociated with attached ligands, are more sensitive to the presence of other ions even if 
these do not enter the co-ordination sphere of the cation. If Bjerrum had been able to 
extend his observations 2 on the ion Cr(H,O),** into the ultraviolet region his results would 
have been less clear-cut, for below 3000 A anions exert strong specific effects on the 
spectrum of the ion.’°" It is, of course, not always possible to distinguish experimentally 
between a new transition and an effect on an existing one. 

We now consider the results of some measurements on optical rotation and absorption. 
We note that changes in the absorption spectrum of an ion, particularly if close to the 
wavelengths at which optical rotation measurements are made, will usually result in 
changes in its optical rotation.1* We also examine whether dissociation constants can be 
obtained from our results. 


RESULTS AND DISCUSSION 


Optical Rotation.—(+-)-Camphor-10-sulphonate anion. Measurements were made on 
solutions of the acid itself and on the zinc, lanthanum, and thorium salts over the con- 
centration range 0-03—0-15M, for both the Na-p and the Hg 5461 A lines. The results are 
fitted within the limits of experimental error (+0-010° for a,, +0-015° for a5,.,) by the 
equation «/c = a + bc, where « is measured rotation, c the concentration, and a and 6 are 
constants. The values of the constants obtained by the method of least squares are given 
in Table 1. The 6 terms are small and specific; the values of « corresponding to the 
various cations are identical within the limits of experimental error up to about 0-05m. 
The insensitivity of the molar rotation of the ion to the concentration and nature of the 


TABLE 1. 
(a in deg. mole 1., b in deg. mole 1.*.) 
ap bp As461 Ose 
NI 5 bs Kin ccncnsddadicaelivadas 20-20 +1-77 27-28 — 0-68 
tacit nidnddpccbsupepibe 20-06 — 0-44 26-81 —1-21 
LOGGER GREE oc cccccccccccccace 20-10 — 0-02 27-56 —5-86 
pS Seaeaeee a 19-61 -+ 2-05 26-32 + 0-86 


cations present is also shown by earlier measurements of Driicker * on the acid, and of 
Graham ' on a variety of salts of singly and doubly charged cations. The implication 
that the optical absorption of the ion is only slightly affected by added cations is reasonable, 
for the absorption is due to the carbonyl group which is part of a bulky organic molecule 
and relatively remote from the charge-carrying sulphonate group. 

1,9-Bis-salicylideneamino -3,7 -dithianonanecobalt(t) cation. This univalent cation 
formed from a sexadentate ligand has been resolved into optical isomers. The ion shows 
optical absorption throughout the visible region (there is a maximum at 3800 A and a 
sharply rising band below 3500 A) which causes an extremely high molar rotation of the 
optically isomeric ions for visible light. Measurements were made on 5 x 10°-solutions 
of the iodide with Na-p light. A molar rotation (1/10 of the so-called “ molecular ” 
rotation) of 3500° -+- 170° cm.? mole for the (-+-)-complex was unaffected within experi- 
mental error by adding up to 1M-sodium chloride or up to 0-5m-sodium sulphate. The 

* Smithson and Williams, J., 1958, 457. 

Phipps and Plane, J]. Amgr. Chem. Soc., 1957, 79, 2458. 

* Gates and King, J. Amer. Chem. Soc., 1958, 80, 5011. 

'* Kuhn, Ann, Rev, Phys, Chem,., 1958, 9, 417. 

% Driicker, Z, phys. Chem., 1933, 4, 108, 411. 

" Graham, /., 1912, 101, 746. 

'® Dwyer, Gill, Gyarfas, and Lions, /. Amer. Chem. Soc., 1952, 74, 4188 
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addition of a tervalent ion as potassium hexacyanocobaltate(111) appeared to cause a 
slight decrease in the molar rotation, but this was only a little greater than the experi- 
mental error at 0-13m. In the presence of potassium ferricyanide a reaction occurs in 
which cyanide enters the cobalt complex,* but it is sufficiently slow to allow extrapolation 
of the results back to the time of mixing the solutions. Up to 0-2m-potassium ferricyanide 
was added without effect on the molar rotation of the cobalt complex. It was also found 
that the contributions to the rotation in mixed solutions of the (+)-complex and up to 
0-1m-(+-)-camphor-10-sulphonate were additive. The implication that the absorption 
spectrum of the complex cation is unaffected by anions is again reasonable; the visible 
absorption is presumably due to d-d-transitions, and the cobalt ion is well shielded from 
the approach of anions by the firmly attached and bulky ligand. 

(—)-Mandelate anion. The mandelate ion and the acid differ markedly in their molar 
rotations (see Table 6), so the attachment of a proton to the carboxylate group has a 
marked optical effect. Measurements on sodium mandelate solutions (in the presence 
of a small quantity of sodium hydroxide to repress hydrolysis) showed only a slight increase 
of molar rotation (1%) over the concentration range 0-02—0-15m, and measurements on 
mandelic acid (in the presence of a small quantity of hydrochloric acid and with a small 
correction, always less than 1%, for ionisation) likewise showed only a small increase (2%) 
in the molar rotation over the same concentration range. We see from the results plotted 
in the Figure that the rotation of sodium mandelate solutions is very sensitive to the 
presence of some doubly- and triply-charged cations. The marked optical effects are 
probably caused by the formation of chelate complexes, and the striking absence of an 
effect with Co(NH,),°* shows that the carboxylate and/or hydroxyl group of the mandelate 
ion have to enter the first co-ordination sphere of the cation for the optical rotation to be 
affected. 

Optical Absorption —We made a series of measurements of moderate accuracy (a few 
units %) in which the absorptions of solutions 0-023M tn cupric perchlorate (plus 4 « 10°m- 
perchloric acid to repress hydrolysis) and 0-1m in the sodium or potassium salt of various 
anions were measured and compared with the sums of the separate absorptions of the 
ions. No enhancement of absorption occurred with added chlorate, bromate, persulphate, 
or dithionate, but it did in the case of the five ions listed in Table 2. Nitrite and acetate 
ions are known to form complexes of moderate stability with the cupric ion.1’ It seems 


TABLE 2. 
Anion Effect 
10,- Edge (2900—2700 A) 10,- absorption shifted 70 A to red 
NO,~ (0-0lm) Large increase NO,- maximum (3550 Wt also in Cu** visible absorption 
NO,~ New absorption band (maximum 2600 A) 
Br- New absorption band (maximum 2810 A); slight increase in Cu*+ visible absorption 
CH,CO,- Intense absorption <3000 A; Cu** visible absorption much enhanced 


very likely that the increased ultraviolet absorption in these and the other cases is caused 
by transitions in which an electron is transferred from the anion to the cupric ion; two of 
the six water molecules of the hydrated cupric ion are probably easily displaced,’* and 
univalent copper is well known. Neither condition is fulfilled by the bivalent nickel ion, 
and experiments with nickel(t1) instead of cupric ions showed no increased absorption with 
added bromide ions, and only a slight increase around 2800 A for nitrite; the effect of 
acetate ion is likewise known to be small.” Unpublished measurements by Dr. W. G. 
Davies show that the effect of sulphate ions on the spectrum of both nickel(1) and 


4© Hope and Prue, J., 1960, 2782. 

17 Bjerrum, Schwarzenbach, and Sillén, ‘‘ Stability Constants,’ Chem. Soc. Special Publ., 1957, 6, 
3; 1958, 7, 53. 

18 Basolo and Pearson, ‘‘ Mechanisms of Inorganic Reactions,” John Wiley and Sons, Inc., New 
York, 1958, p. 59. 
'* Pestemer and Alslev-Klinker, Z. Elektrochem., 1949, 58, 387. 
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cobalt(11) is slight compared with their effect on the cupric ion spectrum. There is a 
marked shift of the edge of the ultraviolet absorption band of the cupric ion to longer 
wavelengths which may be due to a new charge-transfer process or an effect on an existing 
one (there is a smaller but detectable effect on the visible spectrum). 

We selected cupric bromide solutions for precise study. The absorption band with a 
maximum at 2810 A is in a region where neither the cupric ion nor the bromide ion absorbs 
appreciably, there are no complications due to the hydrolysis of the anion, and earlier 
interpretations of spectrophotometric observations are in conflict.*** We shall discuss 
the results in the next section, together with some measurements made on cupric sulphate 
solutions in continuation of earlier work.™ 

Several other electrolyte mixtures were examined. The onset of intense ultraviolet 
absorption by the thallium(11) ion shifts from 2300 A to 2900 A on addition of chloride, 
almost certainly because of an electron-transfer process. There was no sign of new 
electron-transfer bands on adding Mn(1), Co(m), or Cu(t) ions to dilute potassium 
dichromate solutions, or on adding Mn(11) or Ag(1) ions to dilute potassium permanganate 
solutions. 

Incomplete Dissociation.—Suppose an ion Y, which does not absorb, influences the 
optical behaviour of an ion X in dilute solution; such ions will ordinarily be of opposite 
charge. We postulate that an equilibrium X + Y == XY exists, t.e., X and Y ions are 
divided sharply into two classes, free and associated ions. We assume that all X ions 
whose optical behaviour is influenced by Y ions are in the latter class, but not that all X 
ions in this class are affected. If the fraction of X ions in the associated class is «, we can 
write for an experimental molar extinction coefficient 


cmefl—a)+eqe 68. 2b oe. woe g® 


where ¢, is the extinction coefficient of X in the absence of Y, and ¢, is an average over the 
different extinction coefficients for XY pairs (the average may include a contribution 
from pairs with extinction coefficient ¢,). The division between free and associated ions 
will be given by a thermodynamic dissociation constant K defined by 


K.1 





~~ ax fxx 
“Grapoe PR oc 


where x and y are the stoicheiometric concentrations of X and Y respectively, and fxy, fx, 
and fy denote activity coefficients of ions with the appropriate charges. The division is 
only useful, however, if the values of the activity coefficients can be expressed quantit- 
atively as some function of the solution composition or are constant. In sufficiently 
dilute solution we have a choice of several equations. The Debye—Hiickel equation is 
— log f, = Az?#J*/(l + BdI*), where A and B are constants of the theory, z% is the ionic 
charge, I is the ionic strength (corrected for ion association), and d an adjustable parameter. 
The Giintelberg simplification sets Bd = 1 mole 1.4, whilst the Guggenheim equation adds 
to the Giintelberg equation a term linear in the concentration of oppositely charged ions 
(with an adjustable parameter), and the Davies equation adds to the Giintelberg equation 
a term 0-22;,2A7. We can attempt to keep activity coefficients constant by additions of 
an inert electrolyte either in sufficient quantity to keep J constant, or, better, in swamping 
excess. 

Cupric bromide. We postulate an equilibrium Cu** + Br- == CuBr* with Cu®* = 
X, Br- = Y, x = y/2. If in our experiments the absorption is due to CuBr* alone then 
¢=¢,«; this assumption is supported by the identical shapes of plots of extinction 

* Doehlmann and Fromherz, Z. phys. Chem., 1934, A, 171, 353. 

*t Nasdnen, Acta Chem. Scand., 1950, 4, 816. 

** Farrington, J. Amer. Chem. Soc., 1952, 74, 966. 


*% Kruh, J. Amer. Chem. Soc., 1954, 76, 4865. 
* Davies, Otter, and Prue, Discuss. Faraday Soc., 1957, 24, 103. 
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coefficient against wavelength for the five concentrations studied. In the analysis of the 
results in Table 3 (2820 A; ¢ in cm.1]. mole“) we assume that «<1, so 


© = 2; foofs%/Kfouzr 
Using Guggenheim’s equation for the activity coefficients, we then obtain 
e 4AIt & . 
log (5) o i; — log (3) ~ kx ° e . ° . (3) 


where & is a constant and A = 0-509 1.4 mole at 25°. From a plot of the left-hand side 
of equation (3) against x we obtain <,/K and k. The values obtained at the various wave- 


TABLE 3. 


25-52 
, 26-7 
e (calc.) ° 27-2 


TABLE 4. 


1072 A (A) 275 280 282 285 290 300 
e,/K 1310 1315 1280 1190 880 
2-02 1-98 1-98 2-04 2-02 


lengths are given in Table 4, and the third row of Table 3 shows that the results can be 
satisfactorily fitted in this way. The fit can be slightly improved by a shift of —0-4, 
which is just within the estimated uncertainty, in the absolute values of ¢, when the value 
of ¢,/K obtained are 2}% less. We cannot determine separate values of ¢, and K. All 
one can say is that K cannot be less than about 5 mole 1.7, for if it were the 
approximation « < 1 would break down; the validity of the approximation was supported 
by the results of some experiments in which the ionic strength was kept constant by the 
addition of sodium perchlorate. The value of K is higher than that of 1-06 mole 1.7 
reported by Nasinen,”* although his value of ¢,/K = 1396 at 2800 A is in fair agreement 
with ours. A value of the dissociation quotient reported by Farrington ** (but see Kruh ¥) 
corresponds to an even lower value of K than Nasanen’s. Even if K is as low as 5 mole 1.+ 
the value of « at 0-025m is only 0-004, a degree of association which would be scarcely 
detectable by measurements of thermodynamic properties or conductance. 

Cupric sulphate. In the analysis * of measurements at 2400 A on pure copper sulphate 
solutions we postulated the equilibrium Cu** + SO,?> == CuSO,, and used the Debye- 
Hiickel equation for the mean activity coefficient of the free ions. The experimental values 
of « could be fitted equally well by several sets of values of the adjustable parameters K, 
e,, and d. This is not surprising if we remember that it has been firmly established ** 
in the interpretation of thermodynamic properties of dilute aqueous solutions of bi-bivalent 
sulphates that the demarcation between free and associated ions is flexible. Presumably, 
the smaller the value of K (i.e., the smaller the fraction of ions treated as associated), the 
better is the approximation of treating the associated ions as single particles of zero charge, 
and the worse the approximation of treating the free ions as obeying the Debye—Hiickel 
equation, so in a plot of goodness of fit against K there is a very flat maximum. An 
analogous statement will remain true if we endeavour to keep the activity coefficient of 
the free ions constant by addition of some inert electrolyte, so it is of interest to see 
whether under these conditions flexibility in the values of e, and K/f,? remains. Table5 
shows the results of measurements at 2400 A on copper sulphate in the presence of 


*8 Brown and Prue, Proc. Roy. Soc., 1955, A, 282, 320. 
** Guggenheim, Discuss. Faraday Soc., 1957, 24, 53. 
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sufficient sodium perchlorate to keep the stoicheiometric ionic strength at 0-044 + 0-002 
throughout (0-042 + 0-001 if we allow for ion association). Very different pairs of values 
of K/f,? and ¢, will fit the results; in the computations a small correction was made to 


TABLE 5. 


10°{Cu(ClO,),] 10°[Na,SO,) 10% NaClO,) 10*{HCI1O,) e (exp.) e’ (calc.) e”’ (calc.) 
3-991 4-247 21-09 0-745 93-0 . 
4-311 3-330 22-31 0-821 87-9 
4-664 2-554 23-00 0-886 82-6 
5-033 1-789 23-52 0-989 7 
5-411 1-023 23-88 1-031 1- 
5-587 0-513 23-86 1-064 58 
6-044 -- — 1-150 


€ 


£1 
10°K /fs? 


allow for the formation of HSO,- and NaSO,~, but the omission of this correction does not 
affect the conclusions. 

It is possible that more precise measurements over a wider concentration range would 
narrow the range of parameters which fit. This would require measurements at a higher 
ionic strength, and this we believe would tend to restrict the flexibility for the additional 
reason that, as the swamping inert electrolyte concentration increases, the maximum 
permissible ionic separation in an XY pair will get less. (At a high inert electrolyte 
concentration, unless a pair of X and Y ions are in or close to contact, their interaction 
with one another will be negligible compared with their interactions with ions of the 
swamping electrolyte.) Therefore, the range of acceptable ¢, values will be narrowed. 
It follows that if an e, value obtained from an experiment with a high concentration of a 
swamping electrolyte is treated as a fixed parameter in analyzing results at a low ionic 
strength, some values of K which would fit the results if ¢, were adjustable will be 
eliminated. In this way spectrophotometric measurements 2*?8 may appear to lead to 
lower values of dissociation constants than thermodynamic measurements. However, 
provided values of dissociation constants obtained from optical and thermodynamic 
properties correspond to the same value of the association distance they should agree; * 
unfortunately, this distance is not usually known, save in the case of dilute solutions of a 
single electrolyte, when it can be equated ™ to d in the Debye—Hiickel equation. 

In conclusion, we note that it is likely that only a small fraction of the associated cupric 
ions is optically affected, for although the optical behaviour of the bi-bivalent sulphates 
is markedly different (p. 5228),9 the thermodynamic properties are very similar. Further 
evidence on this point has recently come from relaxation spectrometry.” 

Metal mandelates. In this case X is the mandelate ion and Y a cation, and the extinc- 
tion coefficients in equation (1) are replaced by molar rotations R;. The results plotted 
in the Figure, and measurements with different sodium mandelate concentrations and on 
solutions of the pure acid over a concentration range, could be fitted within experimental 
error by dissociation equilibria using the parameters in Table 6. Other values for the 
molar rotations quoted in the literature are also given. We used the Giintelberg equation 
for the activity coefficients of ions, except that the dissociation constants for calcium and 
barium mandelates were used in combination with the activity coefficient equations on 
which their determination depended. The value for the dissociation constant of zinc 
mandelate cation is in fair agreement with that of 4:5 x 10° obtained from kinetic 
measurements by Bell and Waind,*! which they recognise is probably too high. The 

* Cohen, J. Phys. Chem., 1957, 61, 1670. 

*8 Davies and Monk, J. Amer. Chem. Soc., 1958, 80, 5032; Richards and Sykes, /J., 1960, 3632. 

** King, Espenson, and Visco, J. Phys. Chem., 1959, 68, 755. 


%* Eigen, Z. Elektrochem., 1960, 64, 115, 196. 
Bell and Waind, J., 1951, 2357. 
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TABLE 6. 

Species K —R,(Na-p) —R, (5461 A) —R;, (Na-p) — R, (5461 A) 
ee RL — 17-52 * 20-95 * 17-67°¢ 21-35 
EEE sisintsaccaion 3-88 23-26 * 27-91 * 23-73° 28-57°¢ 

x 10-¢ 
a 0-035 ° 26-, 31-; 27-,° — 
ame 0-174 24 29 23° — 
EN <ensabcicabl 0-003 20-, 24-4 — - 
SS ~0-2 ~35 — - - 


* Extrapolated to zero concentration (see p. 5228). 
* Banks and Davies, J., 1938, 271. ° Davies, J., 1938, 271. © Levene and Rothen, /. Phys. 
Chem., 1930, 34, 2567. 


values for the dissociation constant and molar rotation of ZnM, are only approximate. 
It is to the formation of this complex and its subsequent decomposition that we ascribe 
the maximum in the plot for zinc perchlorate in the Figure. The effect of ZnM, was 
absent in measurements on a solution 0-0057m in sodium mandelate. The results for 
lanthanum perchlorate could not be satisfactorily fitted by dissociation equilibria. 


25} 


23 


Effect of added metal ions on molar rotation of sodium 
mandelate solution, the concentration of which is 
given in-parentheses. 

Abscissa: 0—0-3m: (A) CaCl, (0-026m) ; (B) Zn(ClO,), 

(0-0285m). 
Abscissa: O—0-03m: (C) La(ClO,), (0-0118m) + 
Co(NH;),(C1O,), (0-0285m). 
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EXPERIMENTAL 


Materials.—(-+-)-Camphor-10-sulphonic acid. This was supplied by B.D.H. Ltd., recrystal- 
lised twice from ethyl acetate, and dried (CaCl,) im vacuo. The values of the molar rotation 
(+5-06° cm.* mole™ at 0-083m) and m. p. (193°) remained constant on further recrystallisation. 
A solution of the sodium salt was prepared by exact neutralisation of a solution of the acid 
with carbonate-free sodium hydroxide; solutions of other salts were prepared by treatment of 
a solution of the acid with solid oxide, excess being filtered off. 

(+)- and (—)-Bis-1,9-salicylideneamino-3,7-dithianonanecobali(111) iodide. This was a gift 
from Dr. F. P. Dwyer. The values we obtained for the molar rotations were +3500° + 150° 
and —3770° + 150° cm.? mole™ respectively. The value for the (+-)-form depends on the 
presence of two molecules of water of crystallisation in the solid being taken into account. The 
values are some 20% lower than those reported by Dwyer et al.,!° presumably because the 
complex slowly racemises in the solid state. 

(—)-Mandelic acid. This was supplied by Messrs. May and Baker Ltd., and recrystallised 
from “ AnalaR ” benzene until the m. p. of 133° and the molar rotation of —22-25° cm.? mole* 




























ate. 
‘ibe 
was 

for 


lium 
h is 


104) 


i) + 


stal- 
tion 
tion. 
acid 
it of 


gift 
150° 
the 
The 
the 


lised 
ole 





(1960) The Optical Behaviour of Electrolyte Solutions. 5233. 


(0-0075m) were constant. The rotation is somewhat lower than that obtained by Levene and 
Rothen.** Following these workers a 0-15m-stock solution was kept in a refrigerator below 5°. 

Sodium mandelate solutions were prepared by the exact neutralisation of the acid with a 
solution of carbonate-free sodium hydroxide. 

Cupric bromide. This was recrystallised twice from water, dissolved in a large quantity 
of water (70 g. in 10 1.) in which cuprous bromide is insoluble, and filtered, and the filtrate was 
concentrated under a vacuum at 30° until crystals appeared; cupric bromide was then allowed 
to crystallise out by leaving the solution over phosphoric oxide ina vacuum. The concentration 
of the stock solution was determined by titration against an EDTA solution that had been 
standardised against a solution of cupric perchlorate analysed by electrodeposition. Other 
solutions were made by dilution of this stock solution; all solutions were 10m in perchloric 
acid to suppress cupric ion hydrolysis. 

Cupric perchlorate was made by dissolving ‘‘ AnalaR ”’ cupric oxide in ‘‘ AnalaR ”’ perchloric 
acid and recrystallising the product twice from water. Sodium sulphate was an “ AnalaR’”’ 
sample twice recrystallised from water. ‘“‘ AnalaR’”’ perchloric acid was used throughout. 
Other reagents were of analytical reagent quality. All solutions were made up with water 
obtained from an ion-exchange column.** 

Procedure.—Optical rotation. Measurements were made with a Hilger standard polarimeter 
with a scale graduated in 0-01° intervals. Sodium- and mercury-vapour lamps were used 
with suitable filters to give the Na-p line and the Hg 5461 Aline. The 20- and 40-cm. jacketed 
polarimeter tubes used were rinsed five times with solution before being filled, and the solution 
was kept at 25-00° + 0-05° by water circulated from a thermostat tank, the temperature of 
which was checked against an N.P.L. calibrated thermocouple. Measurements were, made iri 
a darkened room with a shaded light source as recommended by Heller.** The polarimeter 
was checked by measurements on solutions of sucrose of organic analytical standard supplied 
by B.D.H. Ltd. The rotations of such solutions are accurately known,* and we established 
that the value of a rotation given by the difference of two polarimeter readings each of which 
was :~ average of at least five readings, was accurate to +0-010° (Na-p) or +0-015° (Hg 
5461 A). 

Optical absorption. Measurements were made on solutions at 25-0° + 0-1° with a Unicam 
S.P. 500 spectrophotometer, and the precise measurements on cupric bromide and sulphate 
were made by comparing samples of the same optical density, which we believe eliminates 
errors in the relative values of extinction coefficients due to stray light and multiple 
reflections.**33 Solutions were changed without removing the cells from their holders. All 
stock solutions were filtered through a no. 4 glass filter to remove dust. 

The cupric bromide measurements were made with cells of lengths 0-2—4-0 cm. and the 
nominal cell lengths were used in calculating the extinction coefficients. At 2750 and 2890 A 
a small correction was made for the separate absorption of cupric and bromide ions; this never 
exceeded 0-35%, and was calculated from the results of measurements on concentrated aqueous 
solutions of cupric perchlorate and sodium bromide. 

The cupric sulphate measurements were all made with a 1 cm. cell. Each value of ¢ is the 
mean of two determinations and has been corrected for the slight absorption due to the 
perchlorate ion. The relative values should be accurate to 0-5%, but the absolute values may 
be in error by several units %; they depend on a measurement against water in which stray 
light errors may be large, and if the setting or reading of the wavelength scale (which was 
untouched during the measurements) was wrong, a large error would arise owing to the steep- 
ness of the absorption band at 2400 A. 


We thank Dr. F. P. Dwyer for the gift of the cobalt complex, the British Rayon Research 
Association for a scholarship (D. A. L. H.), and the Department of Scientific and Industrial 
Research for a maintenance award (R. J. O.). 
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%2 Levene and Rothen, J. Phys. Chem., 1930, 94, 2567. 

33 Davies and Prue, Trans’ Faraday Soc., 1955, §1, 1045. 
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1007. Anionic Polymerization of Styrene: Conductivity Measure- 
ments. 


By D. J. WorsFo_p and S. BywaTEr. 


Measurements have been made, over a wide range of concentrations, of 
the conductance of solutions which contain the anionically polymerizing 
species formed from styrene and sodium naphthalene in tetrahydrofuran 
solution. The active chain ends have been shown to be primarily ion pairs 
with the sodium gegenion, with a dissociation to free ions which has a 
dissociation constant of 1-5 x 107. 


THE polymerization of vinyl compounds by acidic and basic catalysts is usually assumed 
to involve some form of ionic intermediate, the preferred species being the ion pair. But 
consideration of the probable concentration of polymerizing chain ends, and the wide 
range of dielectric constants of the solvents used, leads to some doubt if the ion pair as 
defined by Fuoss and Kraus! is always the predominant species. It is generally agreed 
that dissociation into free ions is negligible in such non-polar solvents as hydrocarbons, 
but when the dielectric constant is increased to 10 or above in solvents such as chlorinated 
hydrocarbons, nitrobenzene, or dimethylformamide the possibility that free ions are the 
major species should be considered. It is, however, difficult to determine the state of the 
ions in normal ionic reactions owing to the transitory nature of the reacting species. Some 
systems that have recently been defined lend themselves to measurement, particularly 
the anionic polymerization of olefins where termination reactions are negligible and the 
polymer chains carrying negative charges on their ends are stable over extended time 
intervals.” 

The present work presents some measurements of the conductivity of the polymerizing 
species produced by the action of sodium naphthaléne on styrene in tetrahydrofuran 
solution. The results have been treated by the methods of Kraus e¢ al. to show the salt- 
like nature of the chain ends and to determine the degree of ionic dissociation in this 
solvent of moderately low dielectric constant. This initiator has the advantage of being 
clean in its method of preparation and free from salts which could affect the conductivity. 
It has the disadvantage that it produces a polymer chain 


Na +++ -CHPh-CH,-CHPh «++ ++++++CHPh-CH,-CHPh «+ Na 


with an ionic centre at each end, but they are sufficiently far apart to be considered 
independent, and the degree of dissociation is sufficiently low so that any complication 
due to doubly charged species is negligible. 


EXPERIMENTAL 


The tetrahydrofuran was purified by refluxing and distillation from phosphorus pentoxide 
and potassium hydroxide in turn, followed by refluxing with sodium—potassium alloy and 
fluorenone until the green colour of the disodium salt of fluorenone was well established. This 
was followed by fractional distillation through a column of reputedly more than 100 theoretical 
plates. After degassing and storage over calcium hydride on the vacuum-system the product 
was, before use, distilled on to, and stirred with, sodium—potassium alloy, to form the deep blue 
colour associated with potassium solutions. 

Styrene was fractionally distilled under a reduced pressure of nitrogen and then distilled 
in a high vacuum on to a fresh sodium film. The monomer was stirred magnetically until the 
colour began to change, at which point the stirring was stopped and the styrene was distilled 
as rapidly as possible in the vacuum-system to an evacuated storage bulb, leaving a large 
proportion of the original material behind as polymer. When stirring was for too long, 


1 Fuoss and Kraus, |. Amer. Chem. Soc., 1933, 55, 1019. 
2? Swarc, Levy, and Milkovitch, J. Amer. Chem. Soc., 1956, 78, 2656. 
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explosive polymerization occurred, but it was necessary to prolong the stirring for a sufficient 
time to polymerize some monomer and thus to remove reactive impurities. 

All further manipulations were performed in evacuated systems. 

It was desired to measure conductivities at known concentrations as low as 10m where, 
owing to the sensitivity of the reactants to traces of impurities, concentration measurements 
which depended on successive dilutions were found to be unreliable. These low concentrations 
were determined photometrically by an extrapolation of the concentration-optical density 
relation established at concentrations ten times higher by use of the technique described below. 
The optical cells were constructed of 10 mm. square Pyrex tubing; when necessary, 9 mm. 
quartz blocks were used, to convert the cells into 1 mm. cells. The cells were calibrated with 
potassium chromate solutions. The apparatus used for the optical-density measurements, 
shown in Fig. 1, contained fragile bulbs of naphthalene (1) and styrene (2), together with 


Fic. 2. Apparatus used in the measure- 
Fic. 1. Apparatus used in the measure- ment of conductivities. 


ment of spectra. A 
8 8 
2 2 c 
ite | 


A, optical cell. B, conductivity cell. 
C, brass stopcocks. D, styrene. E, 
naphthalene. F, sodium. 








magnetic breakers. Solvent was distilled on to loose naphthalene in the bulb (3) after sodium 
(9) had been distilled from the side-arm (4) which was removed at (5). The apparatus was 
sealed off at (6) and the solution of sodium naphthalene formed was rinsed around the apparatus 
for an hour cr more. The solution was then drained back to the bulb (3) and the apparatus 
was rinsed by refluxing. The apparatus was inverted, sufficient solvent was distilled into the 
left-hand side, and the bulbs were sealed and removed at (7). Despite the excess of sodium 
present, it was always found that the solvent distilled from the sodium naphthalene solution 
gave, on recontact with the sodium film, a pale green solution of sodium naphthalene. The 
spectrum of this solution was measured on a Beckman D.U. spectrophotometer, then the 
naphthalene bulb was broken and the main sodium naphthalene solution spectrum measured 
by use of the 1 mm. optical cell (8). The difference was taken as that due to the weight of 
naphthalene in the bulb. When the styrene bulb was broken the polystyryl salt was formed 
and its spectrum was measured. The volume of solvent was found by weighing, and hence 
the concentration and extinction coefficients were calculated. 

The conductivities were measured on a Leeds Northrup a/c conductance bridge with a 
frequency of 1000 c./sec. only, as the effect of changing the frequency was found to be very 
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small. The measurements were made in an oil-bath held at 20° + 0-01°. The conductivity 
cell (Fig. 2) with a constant of ca. 0-09 consisted of a 500 ml. flask with the electrode assembly, 
two concentric platinum cylinders, in a well at the bottom with the optical cell joined 
immediately below this. The silica block converting the cell from 10 mm. to 1 mm. could be 
manceuvred in an out of the optical cell. The cell was connected to a burette through an all- 
brass, vacuum-tight, needle-valve. The burette contained a small fragile bulb of styrene and a 
breaker and was connected through a glass filter to a further flask in which the sodium film was 
formed, and into which a small fragile bulb of naphthalene could be broken. The whole was 
joined by two flasks joined neck to neck as before. A similar procedure was adopted of, washing 
the apparatus and rinsing by refluxing. From time to time the conductance of samples of 
solvent distilled into the cell was measured until it fell to a value of 107! ohm™ cm."!, then 
the conductivity cell was half-filled with distilled solvent. The cell was isolated by shutting 
the needle-valve, and the sodium polystyryl salt was prepared as before. 

Successive additions of this solution in the burette were then made to the solvent in the 
cell, and the conductivity and the optical density and hence the salt concentration were 
measured. For runs at concentrations beyond that where the optical-density method was 
applicable, the concentrations were determined volumetrically from the amounts of solution 
added from the burette. The concentration of the solution in the burette was estimated 
optically from the dilution ratio and the optical density of the more dilute solutions prepared. 
The most concentrated solutions of all were estimated directly from the weight of naphthalene 
used and were successively diluted by weighed amounts of solvent distilled into the cell. 

The polymer chain had a molecular weight of 5000, the Szwarc relation mol. wt. = 
[M)/4(C] being assumed. 


RESULTS AND DISCUSSION 


The spectrum of sodium naphthalene agreed well with published spectra. When 
the material was prepared under these conditions no change in the optical density was 
observed in 24 hours. . 

The freshly prepared sodium polystyryl salt showed one absorption peak only in the 
range measured (310—900 my), with a maximum at 343 my of e = 1-18 x 104. However, 
this peak decreased with time and two smaller peaks appeared, one at 560 my, and a weaker 
one at about 420 my which later disappeared. The original peak disappeared fairly 
rapidly at first, decreasing about 30—40% in the first day, but its rate of disappearance 
became slower and even after six months about 15% remained. Efforts were made to 
ensure that this reaction was not due to some contaminant or the presence of naphthalene, 
and it appears characteristic of this salt. 

Because of this, and the finite time it took to perform the rather cumbersome experi- 
ments in the measurement of the conductivities, the conductivity measured was not that 
of the pure species desired, but of a mixture. It was found that the conductivity did 
increase with time: one solution left for 72 hr. showed an 18% increase. Hence every 
effort was made to decrease the time taken to carry out the experiments and to minimize 
the concentration of extraneous species; three hours was the average time from the 
formation of the polystyryl salt to the completion of the measurements. One other 
source of error could be the destruction of the sodium polystyryl salt by impurities to give 
other conducting salts. It was found, however, that in preliminary experiments, the 
complete decoloration of dilute solutions by contaminants gave solutions with 
conductivities negligible compared with those recorded for proper solutions. 

The results are shown in Fig. 3 as a plot of log A against log c, which give a straight line 
of slope —0-51. This behaviour is expected when the conductance is determined by an 
ionization to free ions governed by the law of mass action 5 when the principal species is 
the ion-pair, and the dissociation constant is small. In this case, it was possible to treat 

* Balk, Hoytink, and Schreurs, Rec. Trav. chim., 1957, 76, 813. 


* Paul, Lipkin, and Weissman, J]. Amer. Chem. Soc., 1956, '78, 116. 
®* Kraus and Fuoss, J]. Amer. Chem. Soc., 1933, 55, 21. 
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the results by Kraus and Bray’s method, which assumes that the effects of interionic 
attraction are negligible. They derived the equation 


1/A = 1/Ay + cA/KAG? 


so that in the plot of 1/A against cA the slope is 1/KA,?, and the intercept is 1/A), where K 
is the ion-pair dissociation constant. The results plotted in this manner gave a straight 
line of slope 1-60 x 108, but the intercept was too small to be read accurately because of 
the low degree of ionization, so Walden’s rule was used to evaluate Ag. 

Tetrahydrofuran has not been often used as a solvent for conductivity measurements, 
and it was not possible to determine from the literature if Walden’s rule was valid in this 
solvent. Conductivity measurements were made on both tetrabutylammonium and 
tetraethylammonium picrate at 20° in tetrahydrofuran solution, over the concentration 
range 1 x 10% to 2 x 10-4m to test the validity of this rule. The results were treated by 
Fuoss’s method? to determine A, and K, the dissociation constant. The values of the 





/ 


Fic. 3. Conductance data for the sodium polystyryl salt in 
tetrahydrofuran plotted as logy, ‘A against log,» concéentra- 
tion. 











i 

5 
log ¢ 
viscosity ® and dielectric constant ® were taken as 4-86 millipoises and 7-58 respectively. 
The results were Ay = 126 and 107, K = 4-05 x 10* and 2-92 x 10°, for the tetraethyl- 
ammonium and the tetrabutylammonium salt respectively. These give for the product 
nAy 0-61 and 0-52 respectively, and as the average values in the literature are 0-56 and 0-45 
the agreement is sufficiently close to justify the use of Walden’s rule. The average value 
of ni, for Na* was taken as 0-233, which gives Ay,+ = 48 in tetrahydrofuran. No simple 
application of Walden’s rule can be applied to the anion, but the product 4) for an ion of 
molecular weight 5000 was estimated to be 0-068 by applying Stokes’s law to the figures 
given by Pickering and Kraus for long-chain electrolytes in various solvents, hence 
4_ in tetrahydrofuran was estimated to be 14. This value is in agreement with a similar 
calculation on the figure given for sodium trimesitylboron in tetrahydrofuran ™ if the 
above value of Ay,+ is assumed. The estimated value of A, for the sodium polystyry] 
salt is thus 62. 

This value of Ag, when inserted in the Kraus and Bray equation, gives K = 1-63 x 1077. 
Use of the Fuoss method? which makes allowance for long-range interionic attractions 
gives K = 1-50 x 107, but the plot of F/A against cAf?/F curves slightly upwards as 
expected, above the concentration 3 x 10°7D* which Fuoss gives as the limit for linearity. 


* Kraus and Bray, J. Amer. Chem. Soc., 1913, 35, 1315. 

? Fuoss, J. Amer. Chem. Soc., 1935, 57, 488. 

° Kuss, Z. angew. Physik, 1955, 7, 376. 

® Critchfield, Gibson, and Hall, ]. Amer. Chem. Soc., 1953, 75, 6044. 
© Pickering and Kraus, J. Amer. Chem. Soc., 1949, 71, 3288. 

‘' Chu and Weismann, J. Phys. Chem., 1956, 60, 1020. 
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From the latter figure of K the interionic distance of the ion-pair was calculated as 3-9 A 
which is of the right order of magnitude, even though probably of little absolute significance. 
The value of K is less by a factor of 20 than that for tetra-alkylammonium salts in tetrahydro- 
furan but, in general, in all solvents, sodium salts have dissociation constants this order 
of magnitude smaller. 

The major anomaly found in treating the sodium polystyryl salt as a normal ion-pair 
is the slight evidence for any aggregates such as triple ions which might be expected to be 
formed at the highest concentration in a solvent of this dielectric constant, and so to cause 
the equivalent conductance to pass through a minimum. This absence of higher 
aggregates is, however, in accord with the observation !” of an increase in viscosity of these 
solutions on addition of ethylene oxide, or to a smaller extent carbon dioxide, which 
converts the carbanion into alkoxide or carboxylate anion. The viscosity of the poly- 
styryl carbanion solution was, in contrast to this, identical with the viscosity of the parent 
uncharged polystyrene solution. Szwarc has suggested that the lack of association of 
carbanions can be correlated with delocalization of the charge over the benzyl group to 
give a reduced charge density. Alternatively, the appearance of triple ions could be 
masked by the increase in viscosity of the solution at the higher concentrations to give a 
resultant depression of the specific conductance which would offset the increase due to the 
conductance of the triple ions. 0-01N-Solutions of the polymer with molecular weight 
5000 increase the viscosity by only 15%, so the effect can only be minor. 

The results indicate that in anionic polymerization of styrene with sodium counterions 
in tetrahydrofuran solution, at normal initiator concentrations of 10*—10~m, the major 
species present is the ion-pair in equilibrium with about 1% of free ions. It would be 
interesting to compare this result with kinetic measurements. In this system, if the free 
ion were the reactive species the rate of propagation would be proportional to the half- 
power of initiated-chain concentration; if both ion and ion-pair were equally active the 
order would be first; but if the free ion had a somewhat different activity from the ion-pair, 
deviations from first-order kinetics would appear at lower initiator concentrations. The 
only relevant kinetic data refer to «-methylstyrene,!* so only a qualitative comparison is 
possible. The reaction at the highest initiator concentrations was of the first order in 
initiator, but some deviations did occur at the lowest concentration; however, as the 
experimental error increases rapidly with dilution it is doubtful if any concrete conclusions 
should be drawn. 

The dissociation constant of an ion-pair has been found to increase rapidly with dielectric 
constant,! so that serious consideration should be given to the state of ionic dissociation 
of reacting species in other ionic polymerization systems in solvents of rather higher 
dielectric constant, as such dissociation could profoundly affect the kinetics of the reaction. 


NATIONAL RESEARCH COUNCIL, OTTAWA, CANADA. (Received, April 19th, 1960). 


1 Brody, Richards, and Szwarc, Chem. and Ind., 1958, 1473. 
18 Worsfold and Bywater, Canad. J. Chem., 1958, 36, 1141. 
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1008. Infrared Spectra of Open-chain Boron—Nitrogen Compounds. 
By D. W. Ausrey, M. F. LApPERT, and H. Pyszora. 


The infrared spectra of 20 boron compounds of types B(NR,)3, B(NRAr);, 
B(NHR);, B(NHAr)s, (R”O), B(NRR’),_, (w = 1 or 2), and R”O-BCl‘NRR’ 
have been recorded and complete assignments have been proposed for four 
representative compounds. The “BN asymmetric stretching frequency 
lies at 1353 [B(NMePh),], 1430 + 20 [B(NR,);], 1495 [B(NHR),], and 1510 
cm. [B(NHPh),], while the CN (asymmetric) stretching frequency is found 
at ~1150 (aliphatic) and ~1300 cm.? (aromatic). The NH stretching 
vibration in appropriate compounds is at higher frequencies and is of greater 
intensity than in amines. The BO (asymmetric) stretching vibrations in 
compounds (Bu"O),B-NRR’ lie at lower frequencies than in trialkyl borates. 
The results are discussed, and four independent lines of evidence show that 
there is considerable double-bond character in the B*N bonds. The B-N 
bond strengths decrease in the series B(NHPh), > B(NHR), > B(NR,); > 
B(NMePh), and the ability to form x-bonds to boron decreases in the series 
N>O>CL. 


THE infrared spectra of a number of borazans, XYZB-NRR’R” (¢.g., Me,B-NH; 1.<., 
compounds in which boron has co-ordination number 4),!* and borazens, XYB-NRR’ 
(e.g., Me,B*-NHMe; i.¢., compounds in which boron has co-ordination number 3),?-? have 
been published. In general, studies have been restricted to the lowest homologues, but 
complete assignments have been made on some of these compounds, ¢.g., by assuming D, 
symmetry for B(NMe,)3.° It is generally agreed that in the borazens there is some double- 
bond character in the B-N bond, due to #,—/,-overlap, whilst in the borazans, where this 
is not possible, the characteristic absorption due to the B*N stretching vibration lies at 
much lower frequency. However, assignments for the “BN stretching frequency in 
borazens vary from 1193-5 (in H,B-NMe,) * to 1530 cm. (in Me,B*NMe,).* Accordingly, 
we have examined the spectra of a larger number of compounds, al] of which are in related 
homologous series: B(NR,)s, B(NHR)3, (R”’O),B(NRR’)3_, (#=1 or 2), and 
R”O-BCLNRR’. 

Trisdialkylaminoborons, B(NR,)3.—The compounds investigated were those where 
R = Me, Et, or Bu", or R,N = piperidino. By analogy with the trialkyl borates, in 
which the BO asymmetric stretching frequency lies at ~1350 cm. (and is by far the most 
intense band),® the corresponding BN mode in the aminoborons would be expected to lie 
in the region 1200—1500 cm.*. All the compounds absorb strongly in this range, but, 
with the exception of the spectrum of trisdi-n-butylaminoboron (see Fig. and Table 1), 
in which a band of outstanding intensity lies at 1414 cm.", there is no one band which 
predominates in intensity, and unequivocal assignments are therefore not easily made. 
However, again by analogy with the trialkyl borates, in which the BO asymmetric 
stretching frequency appears to be almost insensitive to the nature of the alkyl group, 
the same feature would be expected for the BN frequency in related series of borazens. 
The assignments which we therefore propose for the *BN asymmetric stretching frequencies 
for the remaining aliphatic compounds are 1449 (Me), 1414 (Et), and 1419 (C;H,,) cm.*. 


1 Goubeau and Becher, -Z. anorg. Chem., 1952, 268, 1, 133; Rice, Galliano, and Lehmann, J. Phys. 
Chem., 1957, 61, 1222; Goubeau and Mitschelen, Z. phys. Chem., 1958, 14, 61; Luther, Mootz, and 
Radwitz, J. prakt. Chem., 1957, §, 242; Taylor and Cluff, Nature, 1958, 182, 390; Katritzky, J., 1959, 
2049; Greenwood and Wade, J., 1960, 1130; Kynaston, Larcombe, and Taylor, J., 1960, 1772. 

2 Price, Fraser, Robinson, and Longuet-Higgins, Discuss. Faraday Soc., 1950, 9, 131. 

* Becher, Z. anorg. Chem., 1953, 271, 243. 

* Bellamy, Gerrard, Lappert, and Williams, ]., 1958, 2412. 

_ ‘on and Goubeau, Z. anorg. Chem., 1952, 268, 113; Goubeau, Rahtz, and Becher, ibid., 1954, 

, 161. 

* Becher, Z. anorg. Chem., 1956, 287, 285. 

* Becher, Z. anorg. Chem., 1957, 289, 262. 

* Werner and O’Brien, Austral. J]. Chem., 1955, 8, 355. 
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The value for trisdimethylaminoboron is made more definite by the presence of a weaker 
band at 1471 cm.*, which can be assigned to the BN asymmetric stretching vibration, 
The separation of these presumed “BN and “BN bands, and their relative intensities, 
would be consistent with the interpretation. On the other hand, it should be noted that 
Becher * attributed the band at 1384 cm. to “BN and the weaker one at 1413 cm.* to 
BN. We prefer our assignment, because then the 1509, 1413, and 1384 cm.* bands 
remain for CH, deformations; in support, we note that NN-dimethylformamide * (where 
the NMe, group is also attached to an electronegative substituent) has bands of comparable 
intensities at 1502, 1410, and 1391 cm.-', which in that compound can only arise from CH, 
deformations. 


TABLE 1. Frequencies and assignments of absorption bands in representative borazens, 


Frequency (cm.~') ¢ Frequency (cm.~') ¢ 
B(NHMe), B(NBu*,); ’ Assignment ® B(NHPh), B(NMePh), Assignment ® 
3420 (1) N-H stretch 1600 (9) 1595 (8) C-C stretch (4,) 
2911 (2) 2928 (1) } C-H stretch 15874 (10) 1571 (9) C-C stretch (B,) 
2865 (3) 2890 (2) 1510 (11) B-N as. stretch * 
2770 (4) 1493 (10) C-C stretch (A,) 
1499 (5) B-N as. stretch 1471 (12) 1475 f (11) C-H deform * 
1486 (3) C-H deform 1437 (13) 1431 (12) C—C stretch (B,) 
1466 (4) CH, deform 1379 (14) CH, deform ° 
1414 (5) B-N as. stretch 1367 (13) %B-—N as. stretch 
1435 (6) . 1353 (14) ™B-—WN as. stretch 
1386 (7) ‘1379 (6) } CH, deform 1334 (15) 1330 (15) C-C stretch (B,) 
1357 (7) ? 1314 (16) ? 
1277 (8) 1290 (8) CH, wagging 1300 (17) 1300 (16) C-H deform (B,) 
1250 (9) 1266 (18) 1285 (17) C,—N stretch 
1236 (10) j CC skeletal 1218 (19) 1203 (18) ? (mass-dependent, 4,2) 
1212 (11) NC, as. stretch 1178,(20) 1189 (19) C-H deform (A,) 
1189 (9) CH, wagging 1154 (21) 1156 (20) C-—H deform (B,) 
1139 (10) C-N stretch : 1122 (21) ? 
1027 (11) CH, wagging 1106 (22) C,;-N stretch 
1079 (24) 1087 (23) C-H deform (B,) 
1044 (24) ? (CH, wagging?) 
1028 (25) 1081 (25) C-H deform (A,) 
B(NHPh), B(NMePh), 998 (26) 994 (26) Ring deform (4,) 
3390 (1) N-H stretch 900 (27) 896 (27) C-H deform (B,) 
3040 (2) 3030 (1) | C-H stretch (A,) 836 (28) 832 (28) C-H deform (A,) 
2899 (3) 2900 (2). A 789 (29) ? 
2849 (4) 2841 ‘3 C-H stretch 760 (29) } N-H deform? 
1942 (5) 1944 3] 749 (30) Rinse eg 55 eet 


714 (12) 
704 (13) } N-H deform 


1862 (6) 1850 (5) Arom. overtone and 740 (31) 762 (30) C-—H deform (B,) 
1792 (7) 1787 (6) combination bands 697 (32) 696 (31) Ring deform (B,) 
1730 (8) 1715 (7) 


« Number in parentheses after each quoted frequency refers to location in appropriate Fig. 1—4. 
* Aromatic vibrations are designated A,, A», B,, or By, as appropriate (cf. Whiffen, J., 1956, 1350), 
* Absorption due wholly, or in part, to liquid paraffin. ¢ This band also has contribution from N-H 
deformation. * This band also has contribution from C-C stretch (A,). ‘4 The intensity of this band 
makes it possible that there is an additional contribution from an unassigned mode. /% Bands lower 
than 1200 cm.“ are not included. 


Assignments of CN stretching frequencies are discussed below (p. 5242). 

The spectrum of tri(methylphenylamino)boron, B(NMePh) , is reproduced in Fig. 2 
and assignments are shown in Table 1. The most intense band is at 1353 cm.+, which 
suggests that this arises from the “BM asymmetric stretching vibration, and moreover 
there are indications of “B/°B isotopic splitting. Also noteworthy is the doublet at 
1595 and 1571 cm.* (aromatic CC). 

Trisalkylaminoborons, B(NR)3.—These compounds have spectra which are very similar 
to one another and are each characterised by the presence of three very strong bands in 
regions 1500 + 10, 1260 + 10, and ~1150 cm.*, of progressively decreasing intensities; 
the appearance of these features is therefore of diagnostic value for the class of compound. 


* Gerrard, Lappert, Pyszora, and Wallis, J., 1960, 2144. 











Vol. 1960, page 5241, Figure. For wavelength (mp) read wavelength (x). 
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The band of highest intensity undoubtedly arises from the “BN asymmetric stretching mode, 
and the one at lowest frequency is taken as the corresponding CN mode (see p. 5242). 


The spectrum of trismethylaminoboron, B(NHMe)s, is reproduced in Fig. 3 and assign- 
ments are detailed in Table 1. 


Fic. 1. Trisdi-n-butylaminoboron; 2, tri(methylphenylamino)boron; 3, trismethylaminoboron; 


4, trisphenylaminoboron, 
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It is significant that the NH stretching frequencies in the trisalkylaminoborons are of 
fair intensity, unlike those in the amines, and that there is a shift to higher frequencies 
compared with the amines. The spectra of the carbon tetrachloride solutions of the ethyl 
and the cyclohexyl derivative were also examined; in each case the position and intensity 
of the NH stretching frequency were independent of concentration. 
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In trisphenylaminoboron, B(NHPh) , the aromatic absorption in the 1600 cm. region 
again appeared as a doublet (1595 and 1570 cm.*); the spectrum is reproduced in Fig. 4 
and assignments are listed in Table 1. 

Further details are summarised in Table 2. 

Other Borazens.—The compounds examined were certain oxygen compounds (Table 3) 
and bisdiethylaminoboron chloride, Cl-B(NEt,),. In general, the spectra were character- 
ised by having many strong absorption bands in the 1530—1170 cm." region, but the band 
of outstanding intensity (Table 3) (except in bisdiethylaminoboron chloride) is likely to 
be that due to the BO stretching frequency (or BO asymmetric stretching frequency, in 
the dialkoxyborazens). To select a second band as arising from the corresponding BN 
mode, would be speculative, and the appearance of doublets, of appropriate frequency 
separations and relative intensities expected from the "B/!°B isotopic effect, cannot be 
regarded as conclusive. Thus, whereas the majority of the compounds had bands at 
~1500 cm.', with weaker ones at slightly higher frequency, this feature also appears in 
many organic boron compounds which do not contain nitrogen [e.g., di-n-butyl chloro- 
boronate, (Bu"O),B-Cl, has a doublet in this region (1493 and 1504 cm."') *]. It is, there- 
fore, likely that the doublet near 1500 cm. arises from CH deformation and this value, 
rather higher than usual, may be attributed to the fact that the CH group is attached 
through an oxygen or nitrogen atom to the electronegative boron. 

CN Asymmetric Stretching Frequencies.—In aliphatic amines, the CN (asymmetric) 
stretching vibration is believed to lie in the 1220—1020 cm.* region,’ but only for the 
methylamines has a detailed treatment of the spectra been made; a band at ~1040 cm.! 


TABLE 2. The trisalkylaminoborons, 


Rin B(NHR), Me Et Pe Bu® But But Cyclohexyl Ph*CH, Ph 
vyn * (cm.“!)... 3420 3436 3422 3425 3460 3430 3425 3448 3390 
vpn t (cm.“) .... 1499 1502 1493 1499 1496 1490 1493 1498 1510 
ven f (cm."4) ... 1139 1145 1117 1139 1166 1190 1143 ? 1314 


* The results show accuracy of +10 cm."}. 
+ The results show accuracy of +2 cm."!. 


TABLE 3. BO Stretching frequencies in alkoxyborazens. 


Compound (Bu*0),B-NEt, (Bu*O),B-NBu", (Bu%0),B‘NHEt Bu"0-B(NEt,), 

vpo (cm.~?) (+2 cm.~) ... 1333 1333 1335 1269 
Compound Bu"O0-B(NBu®*,), Bu®O-B(Cl)-NMe, Bu®O-B(Cl)-NEt, 

vpo (cm.~!) (+2 cm.) ... 1269 1280 1294 


was assigned to the CN stretching mode and one at ~1150 cm. to a CH, wagging mode." 
In higher secondary aliphatic amines, a band of medium intensity at ~1040 cm.* persists, 
but a stronger band at 1130—-1170 cm.* was designated as the asymmetric CN stretching 
frequency.!* In aromatic amines, the CN absorption falls at higher frequency (1250 
1360 cm.*'), which is consistent with there being a higher CN bond order in aromatic than 
in aliphatic amines."* However, it appears that this band does not arise solely from the 
CN stretching mode, but is coupled with the NH deformation. 

From the spectrum of trismethylaminoboron, one could select either a strong band at 
1139 or a weaker one at 1021 cm. as arising from the CN stretching vibration, with the 
other as the CH, wagging mode. In the spectra of higher homologues, the wagging 
mode would be expected to shift to lower frequencies, whilst the CN band would probably 
be fairly constant in position. In fact, a band at ~1020 cm. appears only for trisdiethyl- 
aminoboron (at 1047 cm.), but not in higher homologues. We therefore prefer to assign 


% Bellamy, “ The Infra-red Spectra of Complex Molecules,’’ Methuen, London, 2nd edn., 1958, p. 
it Barcelé and Bellanato, Spectrochim. Acta, 1956, 8, 27. 


12 Hadzi and Skrbljak, /., 1957, 843. 
1% Brown, Acta Cryst., 1949, 2, 228; 1951, 4, 100. 
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the 1139 cm.+ band in trismethylaminoboron to the CN stretching mode and corre- 
spondingly at 1145 (Et), 1117 (Pr'), 1139 (Bu*), 1166 (Bu‘), and 1190 (Bu') cm.* in the 
higher trisalkylaminoborons. It is relevant that in N-methylacetamide (where the 
CH,*NH group is also attached to an electronegative substituent) ,* the CH,—-N stretching 
mode was considered to make an 80%, contribution to a band at 1069 cm. and the CH,"N 
wagging mode was located at 1042 cm.7. 

In the spectrum of trisphenylaminoboron, there are only three bands in the 1685—1150 
cm. region which are not definitely associated with aromatic or NH vibrations; and 
these are at 1510vs, 1314m (with shoulder at 1300), and 1265wm cm.. The strongest 
of these we have already assigned to the BN vibration, and one of the remaining ones 
must arise from the CN mode and, on intensity grounds, the 1314 cm.* is the more likely 
although there may well be some contribution from other modes, particularly NH deform- 
ation. It is noteworthy that N-phenylacetamide ® also has bands at 1326 and 1266 cm. 
and that the N-alkylanilines !* have the CN absorption at 1240—1260 cm.1. 

In the trisdialkylaminoborons, B(NR,)3, the situation is less clear, but Becher ® has 
assigned a band at 1195 cm." (R, = Me,) to the NC, asymmetric stretching vibration and, 
by analogy, comparable bands are found at 1199 (R, = Et,), 1212 (R, = Bu*,), and 1216 
(R, = C;H,9) cm.* in higher homologues. In the alkoxyborazens, corresponding bands 
appear at 1170—1185 cm.+. 

In N-alkylanilines, two strong bands have been observed, at 1262 (assigned to aromatic 
CN) and 1060 cm.* (assigned to aliphatic CN). It is to be expected, therefore, that 
similar bands would appear for trismethylphenylaminoboron and these are indeed found 
at 1285 and 1106 cm.?. 

Further Examination of Spectra of Representative Compounds.—We have selected the 
spectra of trismethylaminoboron, trisphenylaminoboron, trimethylphenylamino)boron, 
and trisdimethylaminoboron for more detailed assignment, because these compounds are 
the lowest homologues in the four series B(NHR),, B(NHAr)3, B(NRAr)3, and B(NR,)s. 
The last of these has been described and discussed by Becher,® and our observations are in 
agreement (within 5 cm. for each band), though we differ on the assignment of the BN 
asymmetric stretching frequency (see p. 5240). The spectra of the three remaining 
compounds are reproduced in Figs. 2—4 and of trisdi-n-butylaminoboron in Fig. 1; 
assignments are detailed in Table 1. 

The spectra of trismethylaminoboron and tri(di-n-butylamino)boron call for no further 
comment, but in that of trisphenylaminoboron there are bands at 1314 and 1218 cm.*+ 
which we have left unassigned. The latter is likely to be due to the mass-dependent 
A,-aromatic vibration, which in aniline is at 1270 cm. but in dimethyl(phenylamino)boron, 
Me,B-NHPh,’ lies at 1226 cm... The 1314cm.*! band corresponds in position and intensity 
to one at 1315 cm. in dimethyl(phenylamino)boron (which, however, was assigned to a 
CH, bending mode) 7 and to one at 1326 cm. in N-phenylacetamide.® 

In the tri(methylphenylamino)boron spectrum, complete assignment is possible, 
except for bands at 1475 (absorption is in part or wholly due to CH deformation), 1203, 
1122, and 1044 cm.'. The second may well arise from the mass-dependent A,-aromatic 
vibration and the last may be due to CH, wagging. 


DISCUSSION 


The BN Asymmetric Stretching Vibration—The values for trisalkylaminoborons, 
B(NHR),, are at higher frequencies than for trisdialkylaminoborons, B(NR,)s, and this is 
reflected also in the position of the CN stretching frequencies (which are higher in the 
latter class of compound). It is concluded, therefore, that the BN bond order in the 
former is greater than in the latter, 7.e., that contributions ofestructures of type (I) are 
relatively more important than those of type (II), for the two classes respectively. This is 

4 Miyazawa, Shimanouchi, and Mizushima, J. Chem. Phys., 1958, 29, 611. 
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contrary to the expectation that inductive and/or hyperconjugative electron-release of 
the additional alkyl group in the dialkyl derivatives would assist double bonding between 
nitrogen and boron. With the monoalkyl compounds, structures of type (III) are therefore 
probably significant. In support of this argument, we note that the BO asymmetric 
stretching frequency for boric acid * (1450 cm.*) is higher than for boric esters * (~1350 
cm.~) and likewise is higher for phenylboronic acid (1365 cm.) than for phenylboronates 
(1330 + 10 cm.*).4% An alternative, or additional, explanation is that substitution of a 
hydrogen atom on the nitrogen (or oxygen) atom by an alkyl or aryl group increases the 
steric strain in the BN (or BO) bond, with consequent bond lengthening.” It may there- 
fore be relevant that the lowest value for the BN stretching frequency was observed in 
tri(methylphenylamino)boron. The proposition that the BN bond order in the trisalkyl- 
aminoborons is higher than in the dialkylamino-analogues and is lowest in tri(methyl- 
phenylamino)boron receives support from some recent chemical observations.” Thus, a 
primary amine displaces a secondary amine from a trisdialkylaminoboron and is itself 
displaced from a trisalkylaminoboron by ammonia; tri(methylphenylamino)boron is so 
far unique amongst borazens [although other compounds B(NRAr), will no doubt be 
found to behave similarly] in being resistant to attack by water or other nucleophilic 
reagents. 

The above argument, equating changes in BN frequencies with changes in bond order, 
neglects mass effects of different substituents on the nitrogen atom on the BN stretching 
frequency. However, such effects would be very small; this is borne out by examination 
of values for BN stretching frequencies within any one homologous series (e.g., see Table 2), 
which appear to be virtually mass-independent. 


. H+ 
+ - += - 
RHN=B(NHR), RgN=B(NRg), RN=B(NHR), 
(1) —_—- (IIT) 


That the BN asymmetric stretching vibration in borazens is at considerably higher 
frequency than the corresponding BO mode in boric esters indicates that the degree of 
p.-p,-overlap is greater in the former compounds. This agrees with an earlier thermo- 
chemical and theoretical treatment '8 and with some spectroscopic observations on amino- 
derivatives of ethylene- and o-phenylene-boric acid.” Also, the relative constancy of the 
BN frequency in the various compounds indicates a multiple- rather than a single-bond 
order. 

In the trisalkylaminoborons, the position of the BN stretching absorption is remarkably 
insensitive to variations in the nature of the alkyl group, whilst for the phenyl compound 
a slightly higher value is found. This is exactly paralleled by the situation in the trialkyl 
and triphenyl borates. It appears likely, therefore, that structures of type (I) are relatively 
more important for R = Ph, because of stabilisation resulting from delocalisation of 


PhO 
ov 
CL o05 OPh), - Oo B-N 
oi 1 sails 
; PhO 
(IV) (Vv) 


the positive charge; and similarly for boric esters the BO bond order is highest for triary] 
borates. This is in some ways a surprising conclusion, because it has previously been 
shown that triaryl borates are better electron-pair acceptors than trialkyl borates; ¢.g., 
triphenyl borate, unlike trialkyl borates [except tris-(1,1,1-trifluoroethyl) borate], forms 

* Bethell and Sheppard, Tvans. Faraday Soc., 1955, §1, 9. 

‘* Dandegaonker, Gerrard, and Lappert, J., 1957, 2872. 

‘7 Aubrey and Lappert, Proc. Chem. Soc., 1960, 148. 


* Skinner and Smith, J., 1954, 3930. 
’* Blau, Gerrard, Lappert, Mountfield, and Pyszora, /., 1960, 380. 
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a stable complex with pyridine. However, these observations can be reconciled with 
the present view and are taken as providing a new example of the polarisability of the 
phenyl group. Attack by pyridine on the boron atom of triphenyl borate may thus be 
regarded as bringing into play an electromeric effect in the BO bond [see (IV)] and the 
resulting pyridine complex has the additional possibility of resonance stabilisation by 
contribution of structures of type (V). 

The same situation does not persist in the disubstituted borazens [#.¢., vgy, at 1353 
cm.~, in B(NMePh), is much lower than in B(NR,),} and it is probable than in tri(methyl- 
phenylamino)boron there is steric inhibition to mesomerism, preventing coplanarity of 
the benzene rings with the BN, skeleton. Such an effect has been invoked for the 
N-alkylanilines, to account for otherwise anomalous basic strengths; *4 steric hindrance 
in tri(methylphenylamino)boron has also been demonstrated chemically, as mentioned 
above.?” 

The NH Stretching Frequency in Trisalkylaminoborons.—The presence of an electro- 
negative substituent attached to a nitrogen atom in appropriate organic compounds of 
nitrogen influences the NH vibration and, in general, causes absorption due to the 
stretching mode at frequencies higher than normal and increases the intensities of both 
the stretching and bending modes.” 

The electronic effect on the nitrogen atom of #,-/,-overlap in borazens is analogous to 
that of a strongly electronegative substituent, and this is borne out by the position of the 
NH stretching frequencies and by their intensities. 

In amines and amides, the position of the NH stretching vibration is sensitive to the 
state of molecular aggregation; that this is not the case with the borazens indicates that 
in these compounds intermolecular hydrogen-bonding is either very weak or absent. 
This is again consistent with there being appreciable double-bond character in the BN 
bond [cf. (I) and (II)], thus making the nitrogen atoms insufficiently basic to permit 
hydrogen-bonding. 

Aromatic Absorptions in Aromatic Borazens.—Aromatic compounds invariably have a 
strong band in the 1600 cm. region, due to the aromatic CC stretching (A,) vibration. 
This band may be accompanied by one of very much lower intensity (B,) at ~20 cm.*+ 
lower. The second band is generally barely distinguishable, unless the aromatic ring has 
an unsaturated side chain which allows extended conjugation. The clear separation 
of the two bands in the aromatic borazens thus provides further independent evidence of 
multiple bonding between nitrogen and boron; it is noteworthy that in the spectrum of 
another aromatic borazen, Me,B:NHPh,’ the same feature may be observed. 





+ -/Cl -f/cl _ fx 
R,N= R,N-B. R,N-B 
A on’ *" Nor’ elihin 
(VI) (VID (VIID 


BO Stretching Frequencies in Alkoxyborazens.—The availability of lone pairs of electrons, 
not only on nitrogen but also on oxygen and chlorine, in the compounds listed in Table 3, 
makes it possible that structures of types (VI)—(VIII) in the alkoxychloroborazens (taken 
as examples) could be contributing canonical forms. 

It has already beén indicated (see p. 5244 and refs. 18 and 19) that the ,—/,-overlap 
order is N > O > Cl, with respect to boron, and it is therefore to be expected that this 
would be reflected in the relative importance [(VI) > (VII) > (VIII)] of the above 
structures. This leads to the conclusion that the BN bond orders, and hence BN 


© Colclough, Gerrard, and Lappert, J., 1955, 907; Abel, Gerrard, Lappert, and Shafferman, /., 
1958, 2895. 

" Baddeley, Chadwick, and Taylor, /., 1954, 2405. 

*2 Ref. 10, pp. 205, 249; Barr and Haszeldine, J., 1965, 4169. 

3 Ref. 10, pp. 71, 73. 
SG 
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(asymmetric) stretching frequencies, should increase in the series: (i) B(NR,); < 
Cl-B(NR,), < C1,B*-NR,; (ii) B(NR,)s < R’O°B(NR,), < (R’O),B*-NR,; and _ (iii) 
B(NR,), < (R’O),B-NR, < R’O-B(Cl)"NR,. This is not easy to verify, because of the 
difficulty of making definite assignments for the BN stretching vibration in the substituted 
borazens. However, by similar argument, the fact that the BO (asymmetric) stretching 
frequency increases in the series: (iv) R’O-B(NR,), < (R’O),B*-NR, < B(OR’), [see 
Table 3; vgo in B(OBu®*),*® at 1336 cm.]; and (v) R’O-B(NR,), < R’O-BCI-BR, (see 
Table 3) shows that N > O and N > Cl as donor to boron. The order O > Cl may 
likewise be derived from: (vi) B(OR), * < Cl-B(OR),.™ 


Experimental.—The compounds were prepared and purified as described in previous papers 
[B(NHR),,">5 B(NR,),,2%?? and alkoxyborazens *5 26], 

The spectra were measured in a Grubb-Parsons S.3A double-beam spectrometer, fitted 
with sodium chloride optics. The instrument was calibrated throughout its range by means 
of accepted primary standards (ammonia, carbon dioxide, and water). Samples were studied 
as liquid capillary films, or [R in B(NHR), = cyclohexyl, Ph, or CH,Ph; and R, in B(NR,); = 
Me and Ph, or pentamethylene] as solid mulls in paraffin oil, as appropriate. Trisethylamino- 
boron and triscyclohexylaminoboron were also investigated as solutions in CCl,. 

As the spectra have been submitted for reproduction in the D.M.S. punched-card system, 
only relevant portions have been discussed. 


FACULTY OF TECHNOLOGY, UNIVERSITY OF MANCHESTER (M. F. L. and H. P.). 
NORTHERN POLYTECHNIC, Lonpon, N.7 (D. W. A.). (Received, May 13th, 1960.] 


24 Lehmann, Onak, and Shapiro, J. Phys. Chem., 1959, 30, 1219. 

*5 Lappert, Proc. Chem. Soc., 1959, 59; Aubrey and Lappert, /., 1959, 2927. 
26 Gerrard, Lappert, and Pearce, J., 1957, 381; Chem. and Ind., 1958, 292. 
27 Aubrey and Lappert, to be published. ; 


1009. Thermodynamic Properties of Organic Oxygen Compounds. Part 
I. Preparation and Physical Properties of Pure Phenol, Cresols, and 
Xylenols. 


By R. J. L. Anpon, D. P. BippiscomBe, J. D. Cox, R. HANDLEY, 
D. Harrop, E. F. G. HERINGTON, and J. F. MARTIN. 


The preparation and purification of phenol, the three cresols, and the 
six xylenols are described. The purities of the samples have been established 
by freezing- and melting-point measurements. Properties which have been 
measured or computed are: freezing points and the depressions produced 
by one mole % of impurity, vapour pressure—-temperature relationships, 
boiling points, latent heats of vaporization, second virial coefficients, densities, 
coefficients of expansion of the homologues which are liquid at 25°, heats 
of combustion and of formation. 


As phenol and many of its methyl homologues are of technical interest, we have prepared 
very pure specimens of ten of them and measured certain physicochemical constants with 
precision. Although values have been recorded}? for many of the properties studied 
by us, few measurements have been made hitherto on samples of authenticated purity. 
Samples of 99-9 mole °% purity have now been prepared, freezing points have been deter- 
mined with a standard deviation of +-0-01°, and normal boiling points have been measured 
with a standard deviation of +0-003° or less. The densities of the members which are 
solid at 25° have been determined with a standard deviation of --0-003 g./ml. or less, 
1 Pardee and Weinrich, Ind. Eng. Chem., 1944, 36, 595. 


* Karr, ‘‘ Physical Properties of Low-Boiling Phenols. A Literature Survey,’’ U.S. Department of 
the Interior, 1957, Information Circular 7802. 
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and the densities of the two compounds liquid at 25° have been found with much higher 
accuracy. Heats of combustion have been measured with a standard deviation of +0-01%. 
Dissociation constants and ultraviolet absorption spectra of aqueous solutions of these 
highly purified samples have already been reported,® as have vapour pressures of some 
of them. 


EXPERIMENTAL 


Purification.—All the specimens were similarly purified. Steam was passed through a 
boiling solution containing 1 mole of the phenol and 1-5—2-0 moles of sodium hydroxide in 
5 1. of water until no further non-acidic material distilled. Except when the sterically hindered 
2,6-xylenol was treated, none of the phenol distilled from the alkaline solution. The residue 
was cooled and acidified with 20% v/v sulphuric acid, and the liberated phenol was separated 
and dried over calcium sulphate. The aqueous layer was extracted with ether, and the 
phenol so recovered was returned for further treatment with steam. The dried phenol was 
distilled at ~10 mm. Hg to remove any traces of water and high-boiling materials. The 
phenol so obtained was fractionally distilled 5 at a pressure within the range 100—212 mm. 
Hg through a column equivalent to 45 theoretical plates, and the product was collected at a 
reflux ratio of 50:1. The Stedman packings for this column were made of 18/8 molybdenum 
stainless-steel gauze (50 mesh, 36 S.W.G.) since this steel has been found to resist attack by 
phenols. Batches of 1200 g. were distilled, and when the vapour temperature had become 
steady, separate fractions of 150 ml. were collected. A series of fractions with an overall 
boiling range of 0-5° was examined by infrared spectroscopy, and on the evidence obtained 
the best fractions were combined. In some instances the distillation through the Stedman 
column was repeated. Finally, the bulked material was purified either by fractional crystalliz- 
ation from the melt or by zone refining * or by a combination of both. When fractional crystalliz- 
ation was employed the phenol, under an atmosphere of dry nitrogen, was allowed to crystallize 
slowly for 2 days and a small residual liquid portion was removed. The process was repeated 
6—8 times so that a total of ~50% of the material was removed as liquid during the treatment. 
Evacuation of the vessel held in an inverted position was found to expedite drainage of the 
liquid from the solid. In the later stages of purification all the samples were protected from 
light and were manipulated under dry nitrogen. The final colourless samples were stored 
in the dark under a vacuum. 

Physicochemical Measurements.—The following values for the fundamental constants have 
been used: 0° c = 273-15°K; R = 1-98725 cal. deg.1 mole = 8-31466 3 deg. mole 
= 0-082057 1. atm. deg.“ mole™; 1 cal. = 4-1840 3. The molecular weights were calculated 
from the 1953 Table of International Atomic Weights. 

Freezing points, cryoscopic constants, and the quantitative determination of purity. The 
results of the measurements of these quantities are shown in Table 1. The techniques employed 
have been described ** and the procedures used to establish the purity are listed under 
“Method.” The initial freezing points (¢;) and the freezing-point depressions produced by 
adding known quantities of «-methylnaphthalene were found by means of a U-tube apparatus.*® 
The statistical treatment of the data obtained from replicate experiments has previously been 
described.® In Table 1, and throughout the paper, standard deviations are those of the mean. 

The values listed in Table 1 may be compared with selected freezing points quoted by 
Timmermans,!® which for phenol range from 40-7° to 41°, for o-cresol from 30-35° to 30-94°, 
and for p-cresol from 34-4° to 34-8°, with a single value for m-cresol of 11-5°. Dreisbach and 
Martin ™ have reported that phenol of purity 99-96 mole % has f. p. 40-90°, that o-cresol of 
purity 99-90 mole % has f. p. 30-94° and that p-cresol of purity 99-95 mole % has f. p. 34-78°. 


3 Herington and Kynaston, Trans. Faraday Soc., 1957, 58, 138. 

4 Biddiscombe and Martin, Trans. Faraday Soc., 1958, 54, 1316. 

5 Coulson and Herington, “‘ Laboratory Distillation Practice,’’ George Newnes Ltd., London, 1958. 

* Herington, Handley, and Cook, Chem. and Ind., 1956, 292. 

? Herington, Analyt. Chim. Acta, 1957, 17, 15. 

8 Handley, Analyt. Chim. Acta, 1957, 17, 115. 

® Biddiscombe, Coulson, Handley, and Herington, ]., 1954, 1957. 

10 Timmermans, ‘‘ Physico-chemical Constants of Pure Organic Compounds,” Elsevier Publ. Co. 
Inc., 1950, pp. 459—465. : 
1! Dreisbach and Martin, Ind. Eng. Chem., 1949, 41, 2875. 
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Carney and Sanford ** report f. p. 30-937° for a sample of o-cresol of 99-99 mole % purity, 
corresponding to f. p. 30-944° for the 100% pure compound; f. p. 12-20° for 100% pure m-cresol; 
and f. p. 34:734° for a sample of p-cresol of 99-99 mole % which corresponds to a value of 
34-739° for a 100% pure specimen. 


TABLE 1. Freezing constants for ten phenols. 


Depression 
produced by F. p. of I’. p. for 
Purity 1 mole % of sample 100% purity 
Compound Method (moles %) impurity (ty) (és, 0) 
Phenol ...... F. p. 99-929 + 0-006 0-848° + 0-004° 40-84° + 0-01° 40-90° + 0-01° 
o-Cresol ...... F. p. 99-963 + 0-002 0-596 + 0-009 30-97 + 0-01 30-99 + 0-01 
m-Cresol ...... M. p. 99-917 + 0-020 0-749 + 0-040 12-16 + 0-01 12-22 + 0-02 
-Cresol ...... F. p. 99-963 + 0-021 0-915 + 0-051 34-65 + 0-01 34-69 +. 0-02 
2,3-Xylenol... M. p. 99-928 + 0-005 0-502 + 0-019 72-53 + 0-01 72-57 + 0-02 
2,4-Xylenol... M. p. 99-972 + 0-002 0-576 + 0-030 24-52 + 0-01 24-54 + 0-01 
2,5-Xylenol... M. p. 99-896 + 0-020 0-727 + 0-008 7477 +0-01 74°85 -+ 0-02 
2,6-Xylenol... F. p. 99-886 + 0-008 0-558 + 0-016 45-56 + 0-01 45-62 + 0-01 
3,4-Xylenol... M. p. 99-971 + 0-005 0-727 + 0-020 65-09 + 0-01 65-11 + 0-01 
3,5-Xylenol... M. p. 99-960 + 0-004 0-520 + 0-059 63-24 + 0-01 63-27 + 0-02 


Vapour pressure—temperature relationships, normal boiling points, values of (dt/dp) 269 mm., and 
latent heats of vaporization. The vapour pressures of the liquid and solid xylenols were measured 
by ebulliometric and gas-saturation procedures previously described.*:1%14 Detailed results 
for the six xylenols are given in Table 2. 

Antoine equations [i.e., equations of the form log,, P = A — B/(t + C)] were fitted to the 
data for higher temperatures, and the two-constant equation log,, P = A — B/(t + 273) 
was used for the lower temperature range. Table 3 gives the constants of these equations 
and Table 4 shows the normal b. p.s; values of (dt/dP)29 mm. and (dt/dP),; are also listed. 
The standard deviations tabulated have been calculated from the standard deviations of the 
constants of the vapour-pressure equations. For completeness certain constants previously 
published * for phenol and the cresols are repeated in Tables 3 and 4. However, the values 
for the latent heat of vaporization, at 760 mm., of phenol and the cresols listed in Table 4 
differ from those published previously * because, in the calculation of the new values by the 
Clapeyron equation, allowance has been made for the deviation of the vapour from the ideal-gas 
laws (see next section for the derivation of values employed) and for the molar volume of the 
liquid. The following molar volumes of the liquids at the normal boiling points were assumed: 
phenol 105, cresols 127, xylenols 149 cm.3/mole. 

The standard deviations quoted in Table 4 for the latent heats of vaporization at 760 mm. 
Hg were compounded from the listed standard deviations of the Antoine constants (Table 3) 
and from the estimated uncertainties in the virial coefficient; the larger contribution is from 
the latter term. 

The latent heats of vaporization at 25° were calculated by the use of the Clausius—Clapeyron 
equation, i.e., ideal-gas behaviour was assumed. 

Second virial coefficients. The second virial coefficients of phenol and o-cresol were measured 
in the apparatus previously described.4* An infrared lamp mounted above the bath provided 
sufficient additional heat to maintain satisfactory temperature control up to 180°. The results 
shown in Table 5 were obtained by using the experimental methods and calculation procedures 
described earlier. 16 

Measurements were not attempted on the other compounds of the present series because 
their vapour pressures were too low to enable accurate results to be obtained. Their second 
virial coefficients at their normal boiling points were estimated by application of an observation 
that for many homologous series the second virial coefficients at the normal boiling points are 
a smooth function of the normal boiling points. The second virial coefficients of phenol and 
o-cresol at their normal boiling points were first obtained by graphical extrapolation of the 


1 Carney and Sanford, Analyt. Chem., 1953, 25, 1417. 

18 Herington and Martin, Trans. Faraday Soc., 1953, 49, 154. 
"* Coulson, Cox, Herington, and Martin, /., 1959, 1934. 

'* Cox and Andon, Trans. Faraday Soc., 1958, §4, 1622. 

® Cox, Trans. Faraday Soc., 1960, 56, 959. 
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Organic Oxygen Compounds. Part I. 


TABLE 2. Vapour pressures. 
tin °c; Pin mm. Hg at 0° c and standard gravity. 


2,3-Xylenol (solid) log,, P = 13-1606 — 4389-06/(¢ +- 273) 


, 


P t } t P t P t 
0-0045, 19-70° 00-0145 29-58° 0-0432 39-54° 0-130 49-88° 
0-0080, 24-71 0-0273 35-19 0-0760 44-81 0-224 

2,3-Xylenol (liquid) log,, P = 7-04268 — 1609-164/(¢ + 169-774) 

99-79 187-374 34443 207-544 599-68 214-768 721-19 216-987 
150-35 192-094 394-33 210-612 649-12 215-091 727-03 217-323 
200-30 196-778 449-43 213-454 697-75 215-646 737-18 217-928 
247-24 200-752 500-88  214:137 709-89 216-144 746-41 218-467 
298-37 204-000 546-36 
4-Xylenol (liquid, supercooled below 24-5°) log,, P = 10-5277 — 3439-99/(¢ +4- 273) 
0-0228 20-13 0-0621 29-91 0-151 39-41 0-328 
0-0380 24-87 0-0961 35:16 0-231 44-86 0-503 


2,4-Xylenol (liquid) log,, P = 7-04694 — 1581-391/(¢ + 168-652) 


98-97 182116 345-61 201-747 599-13 208-898 721-74 210-951 
150-19 186-619 394-21 204-809 649-43 209-314 729-44 211-453 
197-18 191-348 451-02 207-513 696-56 209-847 739-41 211-888 
247-90 194-795 496-45 208-299 710-79 210-450 750-83 212-320 
293-69 198-444 548-41 

2,5-Xylenol (solid) logy, P = 13-3705 — 4438-56/(¢ +- 273) 
0-0045, 19:90 00164 29-83 00513 39-41 0-146 49-45 
00091, 2482 00296 35:33  0-0044 4479 0-259 

2,5-Xylenol (liquid) logy, P = 7-03684 — 1581-906/(¢ -+- 169-497) 

97-43 176-902 295-23 194-984 497-38 207-748 697-47 210-117 
144-27 182-455 348-48 198-830 55206 208-661 713-92 210-711 
199-40 187-328 401-35 201-834 598-06 209-138 722-68 211-232 
250-33 191-460 451-10 204-603 643-08 209-556 730-36 211-736 

2,6-Xylenol (solid) logy, P = 12-5036 — 3948-27/(¢ +- 273) 
0-0195 14-98 0-:0624 (24-67 0-175 34-98 0-487 
0-0336 19-78 0-104 30-20 0-299 39-66 0-752 
2,6-Xylenol (liquid) logy, P = 7-05753 — 1618-528/(t + 186-482) 
148-61 176-276 394-26 191-754 600-37 198-937 721-38 201-059 
197-43 180-369 442-14 194-810 649-67 199-432 730-36 201-616 
248-11 184-792 499-01 196-676 681-38 199-983 740-47 202-519 
298-92 188-694 553-93 198-414 711-94 200-450 749-17 203-525 
347-08 
3,4-Xylenol (solid) log, P = 13-1729 — 4478-23/(¢ + 273) 
0-0022, 19-98  0-0077, 29:80 0-0243 39:67 0-0704 49-36 
00040, 2488 00138 34:86 0-0422 44:76 0-121 
3,4-Xylenol (liquid) log,, P = 7-07343 — 1617-202/(¢ + 158-778) 
152-57 202-370 393-98 217-587 597-79 224-799 720-03 226-921 
200-29 207-376 453-62 220-898 651-67 225-276 728-71 227-397 
245-64 211-126 502-91 223-649 699-26 225-928 740-84 228-487 
30279 214-126 545-32 224-292 710-79 226-392 749-46 228-899 
346-04 . 
3,5-Xylenol (solid) log,, P = 12-8271 — 4328-13/(¢ + 273) 
0-0033, 20:35 00119 30-42 0-:0365 39:94 0-:0999 49-97 
00061, 24:95 00197 3485 0-0586 45:23 0-171 
3,5-Xylenol (liquid) logy, P = 7-11745 — 1680-124/(¢ + 163-076) 

97-39 192-743 343-64 212159 593-10 219-584 720-26 221-709 
148-21 197-298 392-67 215-799 653-08 220-097 729-78 222-279 
198-35 201-925 44810 218-298 696-84 220-692 740-84 222-724 
250-46 205-601 496-49 219-146 712-20 221-309 752-57 223-321 
297-45 209151 547-11 
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762-16 
768-59 
780-14 
790-54 


760-42 
770-06 
778-59 
787-06 


0-396 


740-79 
751-99 
761-91 
771-59 


760-56 
771-12 
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0-191 


759-38 
768-62 
789-73 
797-85 


0-265 


760-28 
771-40 
780-12 
791-86 
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TABLE 3. Constants of the equations of Antoine type. 


flogy, P = A — B/(¢ + C) for the higher temperature range and log,, P = A — B/(é + 273) for the lower 
temperature range. ]} 


Constants of vapour-pressure equation 


Temp. 
Compound range A B Cc 
, “Sicebeseasibne 9—40° 11-5638 + 0-090 3586-36 -- 26 -— 
110—200 7-13457 + 0-0173 1516-072 + 11-6 174-569 + 1-29 
IED - cccnontinsccnin 0—30 12-7778 + 0-138 3970-17 + 40 -— 
110—200 7-07055 + 0-0086 1542-299 + 6-0 177-110 4- 0-68 
IE cn tentactiicwdiad 11—40 9-9653 + 0-186 3223-45 + 56 - 
110—200 7-15904 + 0-0131 1603-811 + 9-3 172-646 -- 1-02 
pe eer 0— 34 12-0298 + 0-260 3861-98 + 76 —_- 
110—200 7-11767 + 0-0078 1566-029 + 5-4 167-680 +- 0-60 
2,3-Xylenol............ 9—50 13-1606 + 0-172 4389-06 + 52 = 
149—218 7-04268 + 0-0058 1609-164 + 4-3 169-774 + 0-49 
2,4-Xylenol............ 945 10-5277 + 0-035 3439-99 + 11 — 
144—212 7-04694 + 0-0030 1581-391 + 2-2 168-652 + 0-25 
2,5-Xylenol............ 9— 50 13-3705 + 0-042 4438-56 + 13 _— 
143—212 7-03684 + 0-0062 1581-906 + 4-5 169-497 + 0-51 
2,6-Xylenol............ 4—40 12-5036 + 0-029 3948-27 + 9 --- 
144— 203 7-05753 + 0-0079 1618-528 + 5-9 186-482 + 0-68 
3,4-Xylenol............ 9—50 13-1729 + 0-022 4478-23 + 7 -- 
171—229 7-07343 + 0-0052 1617-202 + 3-9 158-778 -+- 0-44 
3,5-Xylenol............ 9—50 12-8271 + 0-052 4328-13 + 16 _- 
154—-224 7-11745 + 0-0070 1630-124 +- 5-1 163-076 + 0-58 


TABLE 4. Normal boiling points, (dt/dP) at 760 mm. Hg and at 25°, and molar 
latent heats of vaporization at the normal boiling point and at 25° c. 


Heat of vapor- 


ization at Heat of vapor- 
(dt/dP) 69 mm. 760 mm -Hg  (d#/dP),, ization at 25° c 
Compound B. p./760 mm. (° c/mm.) (cal./mole) (° c/mm.) (cal./mole) 
Phenol 181-839° + 0-003° 0-04788 10,920 + 8 31-8 16,410 + 120 (solid) 
o-Cresol 191-003 + 0-001 0-05021 10,801 + 14 34-1 18,170 + 180 (solid) 
m-Cresol 202-231 + 0-002 0-05007 11,329 + 30 85-0 14,750 + 250 (liquid) 
p-Cresol 201-940 + 0-002 0-04985 11,365 + 30 85-0 17,670 + 350 (solid) 
2,3-Xylenol 216-870 + 0-001 0-05309 11,310 + 35 325-4 20,080 + 240 (solid) 
2,4-Xylenol 210-931 + 0-001 0-05206 11,268 + 35 116-3 15,740 + 50 (liquid) 
2,5-Xylenol 211-132 + 0-002 0-05233 11,219 + 35 290-6 20,310 + 60 (solid) 
2,6-Xylenol 201-030 + 0-001 0-05302 10,641 + 28 54-3 18,070 + 40 (solid) 
3,4-Xylenol 226-947 + 0-001 0-05257 11,871 + 42 615-2 20,490 + 30 (solid) 
3,5-Xylenol 221-692 + 0-003 0-05190 11,785 + 42 443-3 19,800 + 70 (solid) 
TABLE 5. Second virial coefficients of phenol and o-cresol. 
Max. press. —B,* —B,.* 
Compound t (°c) (mm. Hg) (cm.*/mole) (cm.3/mole) 
ane eed 155-3 303 1495 + 30 1454 + 28 
164-6 407 1373 + 25 1338 + 25 
180-5 577 1169 + 18 1135 + 16 
URNS | baie sbdiconcenctddietee. 164-6 335 1748 + 24 1693 + 24 
180-5 433 1378 + 35 1343 + 31 


* Defined by PV = RT + B,P = RT(1 + B,/V). 


experimental data, similarly shaped curves being drawn through the points for the two com- 
pounds. The values of the second virial coefficient thus obtained were then plotted against 
the normal boiling points and a smooth curve was drawn through the two resulting points with 
a shape similar to the curve found from experimental measurements on the homologous series 
benzene, toluene, xylenes. The following values of B, (in cm.*/mole) were thus obtained: 
phenol, —1130 + 20; o-cresol, —1250 + 50; m-cresol, —1380 + 100; p-cresol, —1380 + 100; 
2,3-xylenol, —1540 + 120; 2,4-xylenol, —1480+ 120; 2,5-xylenol, —1480 + 120; 2,6- 
xylenol, —1370 + 100; 3,4-xylenol, —1650 + 140; 3,5-xylenol, —1600 + 140. 

In an earlier paper » from this Laboratory the second virial coefficients of benzene, toluene, 
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pyridine, and a-picoline were calculated according to Pitzer and Curl’s equation ” and fair 
agreement was obtained with experimental values. Applicability of this equation to measure- 
ments of the second virial coefficients of phenol and o-cresol has now been examined. The 
« factors were calculated }’ from published vapour pressures‘ and critical data, yielding 
@ = 0-443 for bothcompounds. When this figure was substituted in Pitzer and Curl’s equation,” 
a value of BP;/RT¢ (at T/T¢ = 0-65) equal to —1-17 was obtained, which may be compared 
with experimental values of —1-24 for phenol and —1-19 for o-cresol. Having regard to 
uncertainties in the experimental values, the agreement can be considered satisfactory. 

Densities. The results obtained by measuring the densities of m-cresol and 2,4-xylenol 
at 20° and 30° by means of a Sprengel—Ostwald pycnometer ® are shown in Table 6. 


TABLE 6. Observed densities at 20° and 30° of m-cresol and 2,4-xylenol, and calculated 
densities and coefficients of cubical expansion at 25°. (dy, = 0-5(dog +- dog); %5 = 
0-2(dag — 459)/ (429 + 450)-] 


Compound deo (g./ml.) dso (g./ml.) dy, (g./ml.) Oo5 
m-Cresol  ......... 1-03410 +. 0-00000 1-02628 + 0-00000 1-03019 0-000759 +- 0-00000 
2,4-Xylenol ...... 1-02017 + 0-00000 1-01186 + 0-00000 1-01601 0-000818 + 0-00000 


Densities of the solid phenols at 25° were measured (see Table 7) in a pycnometer, mercury 
(results marked Hg) or a saturated solution of the phenol in decalin (results marked D) being 
used as the confining liquid. Difficulties were experienced in freeing the solid in the pycnometer 
from gas and voids; because of this the results are of lower accuracy than those obtained for 
liquids. The accuracy is, however, more than sufficient for calculation of buoyancy corrections 
in the heat of combustion measurements. 


TABLE 7. Densities of solid phenols at 25°. 


Compound Method dy, (g./ml.) Compound Method dy, (g./ml.) 
Phenol « ...4........ D 1-132 +. 0-001 2,5-Xylenol ...... D 1-189 + 0-001 
o-Cresol ..........+. D 1-135 + 0-001 2,6-Xylenol ...... Hg 1-132 + 0-000 
p-Cresol ......... Hg 1-154 + 0-000 3,4-Xylenol ...... D 1-138 + 0-001 
2,3-Xylenol ...... D 1-164 + 0-001 3,5-Xylenol ...... D 1-115 + 0-003 


Considerable confusion frequently arises in the use of tabulated values * 11° of the densities 
of phenols at temperatures near or at 25° because it is not generally appreciated that these 
figures all refer to the liquids and not to the solid forms of phenol, o-cresol, p-cresol, 2,5-xylenol 
3,4-xylenol, and 3,5-xylenol. 

Heats of combustion. The bomb calorimeter used for these measurements has been de- 
scribed.2%21 The energy equivalent of the calorimeter as used in the present experiments 
was determined electrically *4 as 17,299-6 + 0-8 3 deg.? (5 experiments). All temperature 
measurements were made with the aid of a platinum resistance thermometer and Smith bridge 
“No. 3” (Tinsley). 

Each sample was sealed in a polyethylene bag to avoid aerial oxidation and contamination 
with moisture. All manipulations of a sample from the opening of the ampoule in which it 
was stored to the final sealing of the polyethylene bag were carried out in a dry box. The 
bags were rectangular (25 x 30 mm.) and were made from “ Layflat ” tubing (British Visqueen 
Ltd.) of 0-05 mm. film thickness, treated by the manufacturers to minimise static electrification. 
Use was made of one fold of the tubing to form one edge of the bag and two further edges 
were made by an electrically heated iron fitted with a wheel bit. The sample was introduced 
into a weighed bag by pipette if liquid, or in the form of a pellet, prepared in a press, if solid. 
The open end of the bag was then sealed by placing the bag between two sheets of Cellophane 
film with the lower sheet resting on a smooth metal plate. A firm stroke of the sealing iron 


1 Pitzer and Curl, J]. Amer. Chem. Soc., 1957, 79, 2369. 

18 Kobe and Lynn, Chem. Rev., 1953, 52, 117. 

1 “‘ Standard Methods for Testing Tar and its Products,’’ published by The Standardization of Tar 
Products Tests Committee, Heffer, Cambridge, 4th edn., 1957, pp. 546—549. 

* Cox, Challoner, and Meetham, J., 1954, 265. 

*t Challoner, Gundry, and Meetham, Phil. Trans., 1955, 247, 553. 
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TaBLe 8. Heats of combustion of polyethylene, phenol, the cresols, and the xylenols. 


Mass of Mass of Heat 

compound polyethyiene evolved Ip quNos Gas. —AU,° 

Compound (g-) bag (g-) (3) (3) (3) (3) (3/g-) 
Polyethylene 0-79075 -= 36734:3 -- 11-3 11-5 46425-3 
0-80093 -- 37229-2 — 11-3 11-6 46453-1 
0-80364 — 37319-7 — 6-1 11-6 46415-2 
0-70028 se 32516-4 ~ 1-6 10-0 46416-3 

Average 46427 + 9 

SE” detect 0-86092 0-10309 32718-6 4786-3 9-1 19-4 32410-9 
0-89518 0-10130 33745-0 4703-2 9-3 20-0 32408-7 
0-87055 0-11263 33489-9 5229-2 8-6 19-8 32429-5 
0-85314 0-11171 32874-4 5186-3 4:7 19-4 32425-5 
0-83028 0-11158 32120-7 5180-4 4-6 18-9 32418-4 
0-86784 0-09419 32529-4 4373-0 4:5 19-3 32416-3 


Average 32418-2 + 3-3 


o-Cresol ...... 0-79106 0-10875 32058-8 5049-0 43 17-4 34115-9 
0-84851 0-11260 34198-5 5227-5 54 18-6 34114-3 
0-76070 0-10817 30988-8 5022-0 4-5 16-8 34106-4 
0-80899 0-09693 32129-5 4500-3 5-0 17-5 34123-9 
0-76890 0-09861 30844-4 4578-2 53 16-7 34131-0 
Average 34118-3 + 4-2 
m-Cresol ...... 0-83255 0-12676 34400-3 5885-0 10-6 18°5 34215-0 
0-70320 0-13441 30335-2 6240-3 14-1 16-2 34220-9 
0-84032 0-13342 34979-2 6194-2 13-4 18-8 34216-1 
0-73885 0-13091 31388-0 6077-9 15-1 16-8 34212-2 


Average 34216-1 +- 1-8 


p-Cresol ...... 0-81610 0-11959 33467-0 5552-1 10-1 18-1 34170-1 
0-88078 0-10987 35229-0 5101-0 13-1 19-1 34168-8 
0-74605 0-10757 30511-5 4994-1 9-2 16-5 34168-5 
0-76305 0-10835 31118-9 5030-3 8-8 16-8 34156-8 
0-85475 0-10810 34257-2 5018-7 11-0 18-6 34172-9 


Average 34167-4 +: 2-9 


14-2 35444-0 


2,3-Xylenol... 0-68526 0-10206 29043-0 4738-2 6 
0 13-5 35460-7 
6 
2 


1 
0-64460 0-10098 27562-0 4688-1 2 
0-63180 0-10064 27085-4 4672-3 1- 
0-84439 0-09841 34523-3 4568-8 2- 


13-3 35450-7 
17-1 35451-3 
Average 35451-7 + 3-4 


2,4-Xylenol... 0-96751 0-09222 38724-8 4281-4 11-4 19-2 35567-6 
0-63897 0-08853 26847-2 4110-0 13-8 13-2 35541-0 
0-75512 0-10422 31712-3 4838-7 11-4 15-6 35552-0 
0-70646 0-08261 28979-4 3835-4 10-9 14-3 35554-6 


Average 35553°8 + 5-5 


20-0 35412-4 
14-0 35399-6 
15-8 35410-8 
14-7 35414-0 
14-3 35400-4 
Average 35407-4 4. 3-1 


14:8 35479-3 
17-2 35494-9 
16-2 35477-8 
14-6 35481-5 


2,5-Xylenol... 1-00080 0-10149 40176-4 4711-9 
0-67453 0-09883 28483-9 4588-2 
0-76628 0-10803 32168-8 5015-5 
0-71175 0-10097 29911-7 4687-7 
0-68551 0-10209 29024-9 4739-9 


bo bp to oe oo 
10» = bo 


2,6-Xylenol... 071594 0-10073 30101-1 4676-5 
0-84678 0-10114 34772-5 4695-8 
0-79353 0-10294 32951-5 4779-2 
0-70616 0-10233 29823-8 4751-0 


totsts @ 
Sw eee 


Average 35483-4 |. 3-9 
3,4-Xylenol... 0-70878 0-10129 29841-6 4702-4 4-7 14-7 35440:1 
0-84716 0-10256 34813-3 4761-4 2-5 17-2 35449-7 
0-89029 0-09994 36220-8 4640-0 2-3 17-9 35449-1 
0-88160 0-09762 35779-6 4532-1 12-4 17-7 35432-3 
Average 35442-8 | 4:1 
3,5-Xylenol... 0-71578 0-09414 29760-0 4370-4 11-9 14-7 35433-3 
0-68655 0-09656 28819-6 4483-1) 9-5 14-2 35412-0 
0-72511 0-09697 30215-2 4501-8 10-7 14-9 35425-1 
0-81542 0-10028 33575-3 4655-5 10-6 16-6 35432-2 
Average 35425-7 +. 4-6 





ee a oe 





3-1 


39 


4-1 


4-6 
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produced a strong seal without loss of molten polyethylene, as established in preliminary trials 
with empty bags. Finally the bag and contents were removed from the dry box and weighed. 

The sealed bag containing the sample was placed in the platinum crucible within the bomb. 
A platinum fuse wire 0-7 cm. long, 0-1 mm. in diameter, welded to stouter platinum wires 
(0-5 mm. diameter) which were connected to the firing circuit, was bent so as to lie close to the 
top of the bag. Most of the air in the bomb was displaced by cxygen, and after the addition 
of 1 ml. of water the bomb head was placed in position and oxygen saturated with water vapour 
was passed in for one hour. The bomb was then filled with oxygen to 5 atm. and the pressure 
was released slowly. The bomb head was retightened and the bomb was filled to a pressure 
of 30-9 atm. with purified oxygen. The bag and its contents were ignited by connecting a 
6 v battery to the firing circuit; a fluxmeter measured the electrical energy of ignition. 

The nitric acid formed in the combustion was determined by titration of the bomb liquor 
with 0-1N-sodium hydroxide. The liquors from the combustion of phenol and o- and m-cresol 
had a very pale yellow colour, which intensified on addition of alkali. The bomb liquors from 
p-cresol and the xylenols were colourless. Spectroscopic examination suggested that the 
colour of the yellow solutions was due to traces of nitrophenols, but since the amount of these 
nitro-compounds formed never exceeded 0-014% of the phenol taken, no allowance was made 
for their presence in calculating the heats of combustion. It should be emphasized that there 
was little other evidence of partial combustion; in only a few experiments were minute patches 
of soot formed. 

The results of the combustion experiments (including measurements on polyethylene film) 
are presented in Table 8. The masses listed have been corrected to a vacuum basis with the 
aid of the density values given in Tables 6 and 7; 9g, represents the heat generated by the 
combustion of the polyethylene bag calculated by using the —AU,° value listed (46,427 J/g.), 
duno, Tepresents the correction for the formation of nitric acid by using a value ** of —57-8 
ky/mole, 9,.., represents the standard state correction calculated by established methods; * 
—AU,. is the energy of combustion in the standard state. 

From the average values of AU,° in Table 8, the corresponding values of AH,° (the 
enthalpy of combustion) were derived, and these are presented in Table 9 together with values 
of the enthalpy of formation under standard conditions, AH;°. In the calculation of the values 
of AH;,°, the values accepted by the National Bureau of Standards ** for the heats of formation 
of carbon dioxide and of water were used. Table 9 also contains values, AH;*, for the heats 
of formation of the compounds as gases, derived by combining the values of AH,° with the 
values of the latent heats of vaporization at 25° given in Table 4. 


TABLE 9. Heats of combustion and formation (in kcal./mole) of phenol, 
the cresols, and xylenols. 


Compound State at 25° —AU,° —AH,° —AH, —AH,* 
oe teanes saben Cryst. 729-21 + 0-08 729-80 39-46 23-05 + 0-15 
OE is decile Cryst. 881-83 + 0-12 882-72 48-91 30-74 + 0-22 
OEE syed scaridecs Liquid 884-36 + 0-07 885-25 46-38 31-63 = 0-26 
SORE. wesacisovedonss Cryst. 883-10 + 0-08 883-99 47-64 29-97 + se 
2,8-Xylenol ......... Cryst. 1035-15 + 0-11 1036-33 57-67 37-59 + 0-2 
2,4-Xylenol ......... Liquid 1038-13 + 0-11 1039-31 54-69 38-95 + 0- 13 
2,6-Xylenol ......... Cryst. 1033-86 + 0-10 1035-04 58-96 38-65 + 0-12 
2,6-Xylenol ......... Cryst. 1036-07 + 0-12 1037-25 56-75 38-68 + 0-13 
3,4-Xylenol ......... Cryst. 1034-89 + 0-13 1036-07 57-93 37-44 + 0-14 
3,5-Xylenol ......... Cryst. 1034-39 + 0-14 1035-57 58-43 38-63 + 0-16 


Comparison may be made between the values in Table 9 and previous figures. Nineteenth- 
century measurements collated by Kharasch “ have historic interest only. In the present 
century measurements have been made by Barker ® on the three cresols, but his paper contains 
so little experimental information that detailed comparison with data in Table 9 is not fruitful. 
Badoche * gave values for the heats of combustion of phenol and m-cresol at 17°; when con- 
verted to 25° these values become — 729-94 and —885-17 kcal./mole, respectively, in good 


#2 “Experimental Thermochemistry,” edited by Rossini, Interscience Publ., Inc., New York, 1956. 
*3 “ Selected Values of Chemical Thermodynamic Properties," Nat. Bur. Stand. Circular 500, 1952. 
* Kharasch, J. Res. Nat. Bur. Stand., 1929, 2, 359. 

* Barker, J]. Phys. Chem., 1925, 29, 1345. 

*¢ Badoche, Bull. Soc. chim. France, 1941, 8, 212. 
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agreement with the present values of AH,°. Parks, Manchester, and Vaughan’s value ®’ of 
AH,° for phenol, —730-36 kcal./mole, is not in good agreement with the present one, but it 
is just reconcilable with it if allowance is made for the “‘ overall uncertainty ”’ in the value 
due to Parks et al., namely, 0-29 kcal./mole, and for the “ uncertainty interval” attaching 
to the present value of AH,°, namely, 0-16 kcal./mole, equal to twice the standard deviation. 


” 


We thank Messrs. J. B. Ditcham, W. Kynaston, H. A. Gundry, and A. Sleven for technical 
assistance. The constants listed in Table 3 were calculated in the Mathematics Division, 
National Physical Laboratory, under the supervision of Mr. J. G. Hayes. 


NATIONAL CHEMICAL LABORATORY, D.S.I.R., 
TEDDINGTON, MIDDLESEX. [Received, June 10th, 1960.) 


*7 Parks, Manchester, and Vaughan, J. Chem. Phys., 1954, 22, 2089. 


1010. The Effect of Acids on Dihydronicotinamide Derivatives. 


By RutH SEGAL and GABRIEL STEIN. 





The products formed from 1-benzyl-1,6- and -1,4-dihydronicotinamide 
by addition of the elements of water in acid solution were obtained 
crystalline and proved to be identical. They have the OH group in the 5- 
position. These reactions were investigated, and the reaction constants 
determined. A mechanism is indicated. 


Botu DPNH and TPNH (the reduced forms of coenzymes I and II) are unstable in acid 
solution, and so are other 1-substituted dihydronicotinamides. Thus it was shown ®% 
that when 1,4- (Amx. 340—360 my) and 1,6-dihydronicotinamides (Am.x 340—360, 265— 
270 my) were treated with acid, the absorption spectrum changed irreversibly. In both 
cases a single new peak at 290—300 mp appeared, with the simultaneous disappearance 
of all former peaks. 

However, most products formed by the action of acids on dihydronicotinamides could 
not be crystallized and only few were investigated. Anderson and Berkelhammer,‘ on 
acidification of 3-acetyl-l-benzyl-1,4-dihydropyridine with dilute hydrochloric acid, 
obtained a crystalline product which they considered to be 3-acetyl-l-benzyl-1,4,5,6- 
tetrahydro-6-hydroxypyridine. Wallenfels e¢ al.*5 acidified the 1,6- and 1,4-dihydro- 
derivatives of 1-(2,6-dichlorobenzyl)nicotinamide with sulphurous acid, and obtained 
identical products, formulated as sulphurous acid adducts with two molecules of the 
dihydropyridine derivatives, the sulphite linkage occupying the 5-positions of the pyridine 
rings. However, thiophenol gave different addition products with the two dihydro- 
nicotinamides.* 

We have now obtained crystalline products of the action of acids on both 1-benzyl- 
1,6- and 1,4-dihydronicotinamide and investigated their nature and mode of formation. 
1-Benzylnicotinamide has been used * as a model compound of DPN*. 


EXPERIMENTAL 


1-Benzyl-1,4-dihydronicotinamide was prepared according to directions of Mauserall and 
Westheimer. The product of the action of acid was prepared from it by dissolving 2 g. in 
ethanol (40 ml.) and adding water (40 ml.), then 5n-hydrochloric acid (1 ml.) and storing the 


1 von Euler, Schlenk, Heiwinkel, and Hogberg, Z. physiol. Chem., 1938, 256, 208; Warburg and 
Christian, Biochem. Z., 1934, 274, 113; Karrer, Schwarzenbach, Benz, and Solmssen, Helv. Chim. Acta, 
1936, 19, 811; Karrer, Ringier, Buchi, Fritsche, and Solmssen, Helv. Chim. Acta, 1937, 20, 55. 

* Paiss and Stein, J., 1958, 2905. 

* Wallenfels, Hofmann, and Schuly, Annalen, 1959, 621, 188. 

* Anderson, jun., and Berkelhammer, J. Amer. Chem. Soc., 1958, 80, 992. 

* Wallenfels and Schuly, Biochem. Z., 1957, 329, 75. 

* Mauserall and Westheimer, J]. Amer. Chem. Soc., 1955, 77, 2261. 
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whole overnight. Addition of N-sodium hydroxide to slight alkalinity precipitated some 
product and water was added until precipitation was complete. The crystals were filtered off, 
dissolved in a little chloroform, and reprecipitated with benzene. This last procedure was 
repeated, affording yellow crystals, m. p. 158—161° (decomp.) (yield 20%) (Found: C, 67-8; 
H, 6-62; N, 12-1. Calc. for C,sH,,N,O,: C, 67:2; H, 6:9; N, 120%), emax 1:04 x 10 at 
292 mu. 

1-Benzyl-1,6-dihydronicotinamide was prepared by adapting Wallenfels and Schuly’s 
method.? To 1-benzylnicotinamide (2-5 g.) in water (175 ml.) was added with stirring a 
solution of sodium borohydride (400 mg.) in 2% sodium carbonate-bicarbonate solution (1: 1, 
75 ml.). The crystalline product showed Amax, 356, 268 my (E354 = Eagg = 4 X 10%). It was 
converted by acid, as in the foregoing case, into a product of m. p. 157—-160° (decomp.) (Found: 
C, 66-8; H, 7-0%). 

To test for the presence of the hydroxyl groups we proceeded according te Davidson and 
Perlman.§ The acid product (0-1 g.) was dissolved in anhydrous pyridine (0-3 ml.) and added 
to a mixture of acetyl chloride (0-1 g.) and NN-dimethylaniline (0-2 g.). The mixture was 
heated for 15 min. at 50°, cooled, and mixed with a few grams of ice and then ammonia (d 0-880; 
1 ml.). After 45 min. it was centrifuged, and the oily layer removed. This was tested for 
esters by the usual hydroxamic acid method. 

Dinitrophenylhydrazones were prepared by Wild’s procedure.® 

p-Nitrobenzoyl derivatives were obtained by boiling the acid product (1 g.) and p-nitro- 
benzoyl chloride (2 g.) in pyridine (20 ml.) for 1 hr., and cooling. The precipitate was washed 
with dilute aqueous sodium hydrogen carbonate and with water, and recrystallized from hot 
alcohol; it had m. p. 172° in both cases (mixed m. p. undepressed). 

Kinetic Experiments.—A solution of the dihydronicotinamide in dilute aqueous sodium 
hydrogen carbonate was mixed at zero time with an equal volume of buffer solution containing 
different proportions of 0-2m-disodium hydrogen phosphate and 0-Im-citric acid. Optical 
densities at 292 and 360 my were determined at various times on a Beckman D.U. Spectrophoto- 
meter at 25°. pH values were determined at the end of the reaction. Velocity constants were 
obtained by plotting log (D.. — D,) against time, (D,, — D,) being absolute values. 


RESULTS AND DISCUSSION 

On acidification with hydrochloric acid, 1-benzyl-1,6- and -1,4-dihydronicotinamide 
gave yellow crystals of the same m. p. and Amax, value. Since the mixed m. p. was 
undepressed, and analysis agrees in both cases with the formula C,,H,,N,O,, we assume 
that the products were identical, 1 molecule of water being added to the dihydro-deriv- 
atives. As the absorptions of the amidic NH, group and of the OH group strongly overlap 
in the infrared spectrum, this test was not conclusive. However, the presence of the 
OH group was confirmed by Davidson and Perlman’s test. The products gave identical 
crystalline f-nitrobenzoyl derivatives. The absorption spectra of the various compounds 
have been considered previously.1® We may attribute the absorption band of the acid 
product at 290 my to the conjugated system N-C=C-C=0.? One possibility for obtaining 
identical products is by addition of water: 


H, H, 
Be ‘all ea: co sai ore 
> H2 H, 


N . N N 

R R R 
In this case the OH group will occupy the 5-position. Alternatively, an acid-catalysed 
rearrangement of one of the dihydro-derivatives to the other isomer may be followed by 
addition of water: in this case the OH group could be in the 4-, 5-, or 6-position. 


7 Wallenfels and Schuly, Annalen, 1959, 621, 106. 

* Davidson and Perlman, “ A Guide to Qualitative Organic Analysis,” Brooklyn College, N.Y., 
1958. 

® Wild, “ Characterization of Organic Compounds,” Cambridge Univ. Press, 1958, p. 114. 

' Cilento, de Carvalho Filho, and Giora Albanese, J]. Amer. Chem. Soc., 1958, 80, 4472. 
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We therefore investigated the kinetics of the formation of the product from both 
isomers. Within the rather narrow pH range (5-2—5-8) where the reaction velocity was 
amenable to experiment, the rate of adduct formation was measured spectrometrically. 
The Figure shows a representative set of measurements. Identical rate constants were 
obtained by following the rate of formation at 292 my and the rate of disappearance at 
360 my. The pseudo-first-order rate constants, k, and the second-order rate constants, 
k’ = k/Cg+, are shown in the Table at three pH values. 


1,6-Dihydro-compound 1,4-Dihydro-compound 
pH 10°% (sec.-?) 10-*k’ (sec. mole!) 10 (sec.~}) 10-%k’ (sec.-! mole=) 
5-2 1-9 3-2 3-4 6 
5-4 1-26 3-16 2-44 6-1 
5-82 0-62 4-05 1-03 6-3 


It is seen from the linear first-order plot (at 292 my) for the formation of the product 
of acidification, that the conversion of both dihydro-derivatives does not include relatively 


The logarithm of the absolute yey of (Dx — D,) as a function of time in the reactions of 1-benzyl- 
1,4- and -1,6-dihydronicotinamide. 


ol: 





log CO Of D 


1 wail i 
° 500 1000 1500 
Time (sec) 


(1) 1,6-, af 292 my; (2) 1,4-, at 292 my; (3) 1,6-, af 360 mp; (4) 1,4-, af 360 mp. 








slow consecutive reactions. The different rate constants for the disappearance of the 
1,6- and 1,4-derivatives exclude a fast isomerization which would precede the addition 
of water. 

Anderson and Berkelhammer ‘ interpreted their results as showing that 3-acetyl-1- 
benzyl-1,4-dihydropyridine yields an acid product on which the OH group is in the 
6-position. We have tested for this possibility by trying to convert our products into 
the 2,4-dinitrophenylhydrazones by treatment with acid 2,4-dinitrophenylhydrazine. 
Were the hydroxyl group in the 6-position, the aldehyde ammonia function would yield 
a phenylhydrazone, but the precipitate obtained had neither the typical spectrum of 


as H, 
stF7 CO-NH, a y cONt 
H, + a“ 8- + od 

N N 


ss las 
R H R H 


2,4-dinitrophenylhydrazones nor the typical shift in spectrum in alkaline alcoholic 
solutions.14 These experiments further support the view that in our case the hydroxyl 
group is unlikely to be in the 6-position and is in the 5-position. 


4 Timmons, J., 





1957, 2613; Johnson, J, Amer, Chem, Soc., 1953, 76, 2720. 
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If the reaction proceeds by a primary proton attack, identical water adducts are to 
be expected from both nicotinamides: in both cases partial positive charges would reside 
on the 5-carbon atom, on which hydroxyl addition will take place, as shown. The partial 
positive charge on the 5-position is weakened for the 1,6-isomer by the effect of the amide 
oxygen. The lower velocity constant in this case is consistent with this. 


Ve thank Professor Felix Bergmann for valuable discussions. 


HEBREW UNIVERSITY, JERUSALEM, ISRAEL. (Received, June 13th, 1960.) 
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1011. Synthesis of Phosphoserine and Certain Phosphorylated 
Peptides by Transphosphorylation. 


By D. THEODOROPOULOS, J. GAZOPOULOS, and I. SOUCHLERIS. 


THouGH diphenyl phosphorochloridate has been used to prepare some phosphorylated 
amino-hydroxy-acids and related peptides,! alternative methods are needed.?_ An altern- 
ative use of di-p-nitrobenzyl phosphorochloridate * has now been worked out for the 
synthesis of phosphoserine and certain related peptides. In preliminary experiments, 
benzyloxycarbonyl-DL-serine benzyl ester with di-p-nitrobenzyl phosphorochloridate in 
dry pyridine afforded the di-p-nitrobenzyl phosphate ester in very low yield. When 
pyridine was replaced by the equivalent amount of triethylamine in dry chloroform, the 
yield was higher (15%), but still not satisfactory. 

We therefore resorted to a non-enzymic transphosphorylation involving the inter- 
mediate formation of the di-f-nitrobenzyl phosphoryl derivative of glyoxaline. The 
reactivity of phosphorylated derivatives of glyoxaline has been recently discussed.‘ 

Di-p-nitrobenzyl phosphorochloridate was treated with glyoxaline in dry chloroform 
and the product, without isolation, was used directly for phosphorylation. Thus N- 
benzyloxycarbonyl-O-(00’-di-p-nitrobenzylphospho)-pDi-serine benzyl ester (I) and its 
L-isomer were prepared in crystalline form and satisfactory yield. These products, as 
expected,! suffered f-elimination in alkaline solution, as indicated by a strong light 
absorption at 241 my. They also afforded the corresponding phosphoserine on catalytic 
hydrogenolysis. 

In a similar manner, benzyloxycarbonyl-L-seryl-L-alanine benzyl ester and benzyloxy- 
carbonylglycyl-pL-serine benzyl ester were phosphorylated in about 45—50% yield. The 
products were obtained crystalline, in contrast to diphenyl phosphate esters of dipeptides, 
which are described as oils.5 Partial debenzylation ® of ester (I) afforded the sodium salt 
of N-benzyloxycarbonyl-0-(0-p-nitrobenzylphospho)-DL-serine benzyl ester (II), which 
on acidification was converted into the corresponding acid ester (III). 


H4O-PO(OR), CH,*O-PO(OR)‘ONa H,*O-PO(OR)OH 
2 
H*NH:COyCH,Ph — deiiiisinin —  ieliaeeitiate 


CO4CH,Ph CO,*CH,Ph CO4°CH,Ph 
(1) (It) (IT 
R = p-NOyCyHyCH,. 1, Nal-COMe,. 2, HCI. 





' Riley, Turnbull, and Wilson, J., 1957, 1373. 

* Theodoropoulos, Gazopoulos, and Souchleris, Nature, 1960, 185, 606. 

* Zervas and Dilaris, ]. Amer. Chem. Soc., 1955, 77, 5354. 

‘ Baddiley, Buchanan, and Letters, /., 1956, 2812; Ratlev and Rosenberg, Arch. Biochem. Biophys., 
1956, 65, 319. 
* Félsch, Acta Chem. Scand., 1958, 12, 561. 
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In view of the doubt as to the nature of the phosphorus linkages in phosphoproteins,® 
we are exploring the possibility of using compounds (II) and (III) as essential intermediates 
in producing model peptides containing mixed amide ester and pyrophosphate bonds. 


Experimental.—M. p.s were determined in capillary tubes when not otherwise stated. 
Paper chromatography was carried out in the solvent system butan-l-ol—acetic acid-water 
(4: 1:5). Whatman No. 1 paper was used, and the phosphoserine had Ry 0-06. 

N-Benzyloxycarbonyl-O-(-OO’-di-p-nitrobenzylphospho)-pi-serine benzyl ester (1). To dry 
chloroform (10 ml.), cooled to 0°, were added glyoxaline (0-72 g.) and di-p-nitrobenzyl phos- 
phorochloridate (2-31 g.) with shaking and exclusion of moisture. One min. later a cooled 
solution of benzyloxycarbonyl-pL-serine benzyl ester (1-65 g.) in chloroform (5 ml.) was added, 
and the mixture set aside at room temperature for 24 hr. Then it was diluted with chloroform 
(50 ml.) and washed successively with 10% pyridine solution (twice), hydrochloric acid (to 
decompose sym-tetra-p-nitrobenzyl pyrophosphate, if formed‘), pyridine again, hydrochloric 
acid, and water, and dried (Na,SO,). The solvent was removed under reduced pressure and 
the residue solidified under ether; it was cooled, filtered off, washed with ether, and recrystal- 
lised from absolute ethanol. Complete precipitation was effected by addition of ether. The 
ester (I) (yield 50—60%) had m. p. 108—110° (corr.) (Found: C, 56-2; H, 42; N, 6-2. 
C32H5,0;,.N3P requires C, 56-5; H, 4-4; N, 6-1%). 

N-Benzyloxycarbonyl-O-(OO'-di-p-nitrobenzylphospho)-L-serine benzyl ester. This isomer, 
prepared similarly in 40—45% yield, had m. p. 64—67° unchanged after three recrystallisations, 
faj,** —6-9° (c 1 in acetic acid) (Found: C, 56-3; H, 42; N, 6-0; P, 4:8. C,H ,0,.N;P 
requires C, 56-5; H, 4-4; N, 6-1; P, 4:5%). 

Benzyloxycarbonyl-O-(O-p-nitrobenzylphospho)-pi-serine benzyl ester and its sodium salt (II). 
Compound (I) (3-39 g.) was dissolved in dry hot acetone (10 ml.), sodium iodide (0-8 g.) was then 
added, and the solution boiled for 45 min. The product is usually precipitated during this 
time but cooling and scratching may be necessary. Filtration and washing with cold acetone 
afford the sodium salt (2-4 g., 86%), m. p. 215° (Kofler block), as a white solid (Found: N, 4-7; 
P, 5-3. C,,H,,0i.N,PNa requires N, 4-9; P, 5-4%).~ 

A solution of this salt (2-83 g.) in distilled water (the calcium or barium salt is sparingly 
soluble in water) (50 ml.) was acidified with hydrochloric acid to Congo Red. The resulting 
oil solidified slowly at 0° and was then filtered off, washed with water, and dried. For purific- 
ation it was dissolved in the minimal amount of absolute ethanol and reprecipitated with 
ether; the acid (III) (2-4 g., 90%) had m. p. 83—-85° (Found: N, 4:9; P, 5-4. C,;H,,;0O,)N,P 
requires N, 5-1; P, 5-6%). 

Phosphoserine. (a) Hydrogenolysis of the ester (1) with 10% palladised charcoal in aqueous 
acetic acid afforded pi-phosphoserine (90%), m. p. 161—163° (lit., 160—161°,1 163—164°,} 
165—166°, 166—167° *) (Found: N, 7-5; P, 16-6. Calc. for C;H,O,NP: N, 7-5; P, 16-7%). 
Paper chromatography revealed a very faint spot moving in front of phosphoserine. 

(6) Hydrogenolysis of the acid from (II) produced chromatographically pure pL-phos- 
phoserine (91%), m. p. 166—167°. 

(c) t-Phosphoserine, obtained by hydrogenolysis of benzyloxycarbonyl-O-(OO’-di-p-nitro- 
benzylphospho)-L-serine benzyl ester in 90% yield, had m. p. 169—170°, {a],?* +17-5° (c 0-7 
in 2n-HCl) {lit., m. p. 175—-176°,} (a},,** +12° (calc. from Ba salt; c 3-6 in N-HCl), [a],,7° + 16-2° 
(c 3 in 2n-HCl) *}. 

Benzyloxycarbonyl-O-(OO'-di-p-nitrobenzylphospho)-L-seryl-L-alanine benzyl ester. Benzyloxy- 
carbonyl-.-seryl-L-alanine benzyl ester (2 g.; m. p. 114°), prepared by the carbodi-imide 
method,” was treated with di-p-nitrobenzyl phosphorochloridate (2-9 g.) and glyoxaline (0-9 g.) 
as previously described. The product (1-8 g.), purified from ethyl acetate-light petroleum, 
had m. p. 81—83° (Found: C, 54-2; H, 4-4; N, 7-1; P, 4-2. C,,H,,0,,;N,P requires C, 54-6; 
H, 4-6; N, 7-4; P, 41%). Hydrogenolysis of it produced (O-phospho-t-seryl-L-alanine mono- 
hydrate (86%, yield), m. p. 170° (decomp.) [softening at 148—-150° (Kofler block)] (Found: 
N, 10-1; P, 11-2. C,H,,O,N,P,H,O requires N, 10-2; P, 11-4%). 

* Perlmann, Adv. Protein Chem., 1955, 10, 1; Hofmann, Biochem. J., 1958, 68, 139. 

7 Plimmer, Biochem. J., 1941, 36, 461. 

* Plapinger and Wagner-Jauregg, |. Amer. Chem. Soc., 1953, '76, 5757. 


* Neuhaus and Byrne, J. Biol. Chem., 1959, 284, 113. 
” Sheehan and Hess, J. Amer. Chem. Soc., 1956, 77, 1067. 
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Benzyloxycarbonylglycyl-O-(OO' -di-p-nitrobenzylphospho)-pi-serine benzyl ester. This was 
similarly prepared from benzyloxycarbonylglycyl-pt-serine benzyl ester (1-93°g.; m. p. 140°; 
dissolved in 30 ml. of chloroform), di-p-nitrobenzyl phosphorochloridate (2-9 g.), and glyoxaline 
(0-9 g.). It was purified from absolute ethanol-ether and finally the minimal amount of ethanol. 
The ester (1-7 g.) had m. p. 116—118° (Found: C, 55-2; H, 4-5; N, 7-7; P, 4-4. C3,H,,;0,3N,P 
requires C, 55:2; H, 4-5; N, 7-6; P, 42%). Catalytic hydrogenation afforded glycyl-O- 
phospho-pt-serine (90% yield), m. p. 198—201° (lit.,5 m. p. 201—204°). 


This investigation was supported by the Royal Hellenic Research Foundation. 


TECHNICAL UNIVERSITY OF ATHENS, GREECE. (Received, April 6th, 1960.) 





1012. Fluorine-substituted N-Alkylanilines and N-Alkyl-N-phenyl- 
hydrazines. 
By F. L. ALLen, R. E. JEWELL, and H. SuscHitzky. 


TuE preparation of fluorine-substituted N-alkyl-anilines and -phenylhydrazines was of 
interest in connection with the synthesis of certain N-heteroaromatic fluorine compounds 
(unpublished work). The required fluoroanilines were monoalkylated by Hickinbottom’s 
method; ! the resulting mixture of primary and secondary amines was separable because 
the fluoroanilines, unlike the secondary amines,” form insoluble addition compounds with 
zinc chloride. 

An unsuccessful attempt was made to prepare N-alkyl-N-fluorophenylhydrazines (I; 
R = alkyl) by reduction of the stable nitroso-compounds (II; R= alkyl, R’ = NO). 
With zinc dust, acetic acid, and ethanol as the reducing medium denitrosation occurred 
invariably although Hartman and Roll ® claim good yields (52—56%) in the preparation 
of N-methyl-N-phenylhydrazine by this method. Similarly, lithium aluminium hydride 


£y"" " 
F F 
(I) 


(Il) 


reduced the N-nitrosamines to the corresponding secondary amines. Although Poirier and 
Bonington * prepared NN-diphenylhydrazine by this reduction method, other workers ® 
obtained only diphenylamine. Direct alkylation of fluorophenylhydrazines proved success- 
ful. In this route® the required monofluorophenylhydrazine, prepared as previously 
described,? was dissolved in liquid ammonia, and the sodium derivative (II; R = Na, 
R’ = H) treated with the appropriate alkyl halide. 

The N-alkyl-N-fluorophenylhydrazines are pale-yellow oils, decomposing within a few 
hours but yielding stable derivatives. 


Experimental.—N-Alkylfluoroanilines. The fluoroaniline (1 mol.) was heated with the 
appropriate alkyl halide (0-4 mol.) under reflux for about 5 hr. After addition of alkali the 
mixture of primary and secondary amines was extracted with light petroleum (b. p. 60—80°), 
and an aqueous solution of zinc chloride added to the extract. After 12 hr. the mixture was 
filtered off, the filtrate dried (potassium carbonate), the solvent removed, and the residue 
distilled under reduced pressure. The anilines thus obtained are listed in Table 1. 


Hickinbottom, J., 1930, 992. 

Reilly and Hickinbottom, J., 1920, 127. 

Hartman and Roll, Org. Synth., 1933, 18, 66. 

Poirier and Bonington, J. Amer. Chem, Soc., 1952, 74, 3192. 
Scheuler and Hanna, J. Amer. Chem. Soc., 1951, 78, 4996. 
Audrieth, Weisiger, and Carter, ]. Org. Chem., 1941, 6, 417. 
Suschitzky, J., 1953, 3326. 
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TABLE lI. 


B. p. 
90°/40 mm. 
94/19 
79/11 

115/68 
90/11 
92/14 

114/68 

101/10 

109/14 


N-Alkylfluoro-N-nitrosoanilines. 


Found (%) 


Notes. 


Reqd. (%) Yield 
N o/ 


N Formula %) 
11-1 C,H,FN 11-2 65 
11-1 re 3 87 
11-1 bel Be 72 
10-0 C,Hy,FN 10-1 70 
10-0 “ 3 70 
10-2 Ze oa 78 

9-0 C,H,,FN 9-1 70 

9-3 - - 65 

9-0 sie i 62 


N-Alkylfluoroanilines, NHRR’. 


M. p. 


Benzoate 


PS Fer” STS 
Found (%) Reqd. (%) 
N N 


6-0 
6-1 
6-5 
5-9 
5-7 
5-4 


TABLE 2. N-Alkylfluoro-N-nitrosoantlines, N(NO)RR’. 


R’ 
Me 
Me 
Me 
Et 

Et 

Et 

Pr® 
Pr® 
Pr 


N-Alkyl-N-fluorophenylhydrazines. 
reported previously,’ was dissolved in anhydrous liquid ammonia (100 ml.). 
well-cooled solution (carbon dioxide-ether) finely powdered sodamide (1-6 g.) was added, 


B. p. 
144°/63 mm. 
133/24 
111/7 
151/53 
118/11 
114/6 
145/63 
130/12 
129/11 


Found (%) 
N 


18-4 
18-6 
17-8 
17-0 
16-3 
16-4 
15-7 
15-5 
15-1 


Reqd. 

Formula N 
C,H,FN,O 18 
C,H,FN,O 16- 
C,H,,FN,O 15: 


” 


(%) 














6-1 





To a solution, kept below 10°, of the alkylfluoroaniline 
in excess of concentrated hydrochloric acid an equivalent amount of sodium nitrite was added 
as an aqueous solution (20%) during 5—10 min. 
in benzene and dried (MgSO,). 
the nitroso-compounds listed in Table 2 as orange-red oils. 


After 1 hr. the oily product was taken up 
Removal of the solvent and distillation of the residue gave 


Yield (%) 


2 47 
49 
50 
45 
47 
50 
42 
53 
54 


The monofluorophenylhydrazine (5-0 g.), prepared as 
To the stirred, 








TABLE 3. N-Alkyl-N-fluorophenylhydrazines, NH,‘NRR’. 
Found (%) Reqd. (%) 
R’ B. p. N Formula N Yield (% 
Me 106°/16 mm. 19-7 C,H, FN, 20-0 50 
Me 108/9 19-9 a M 55 
Me 109/13 19-7 og sie 73 
Et 108/15 18-5 C,H, FN, 18-2 48 
Et 111/9 18-1 a se 58 
Et 112/15 18-5 5 Pe 46 
Pre 115/13 16-5 C,H,,FN; 16-7 43 
Pr 116/8 16-9 ‘J ‘ 42 
Pr® 111/10 16-3 z 43 
Derivatives 
Benzylidene Benzoate 
¢ ~ ~~ ~— ——_ 
Found Reqd. Found Reqd. 
(% (%) (%) (% 
M. p. N Formula N M. p. N Formula N 
96° 12-4 Cy,H,,FN, 12-3 196° 11-2 Cy,Hy,FN,O 11°56 
114 11-9 am oi 192 11-2 pa - 
93 12-1 * a 139 11-2 “ bg 
188 11-7 C,,H,,FN, 11-6 197 10-7 CyH,FN,O 10-9 
75 11-3 - - 135 10-6 9 oe 
62 11-6 ie i. 165 10-7 o” ” 
97 11-0 CyH,FN, 10-9 14} 10-2 CyHy,FN,O 10-3 
1S 10-8 " v 189 10-1 ua bs 
54 10-5 ‘ te 139 10-1 


” 
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followed by methyl iodide (11-4 g.). Ammonia was allowed to evaporate overnight and the 
residue was extracted with ether. Removal of the solvent and distillation of the residue 
yielded the alkylated fluorophenylhydrazines as yellow oils. They were stable in a refrigerator 
for several days. A number of cognate derivatives were prepared in the usual way; all com- 
pounds thus made are listed in Table 3. 


West Ham COLLEGE OF TECHNOLOGY, West Has, E.15. 
Royat TECHNICAL COLLEGE, SALFORD, LANCS. [Received, April 27th, 1960.) 





1013. Organic Fluorine Compounds. Part XIX.* The Reaction 
of Diethyl Oxalofluoroacetate and Aliphatic Aldehydes. 


By Ernst D. BERGMANN and ISRAEL SHAHAK. 


In view of a recent publication by Gault, Rouge, and Gordon * on the condensation of 
diethyl oxalofluoroacetate and formaldehyde, we report our experience with the reaction 
between this ester and aliphatic aldehydes in general. Two reactions have been observed 
under the influence of sodium acetate as catalyst: in the presence of acetic anhydride, the 
aldol-like compound initially formed underwent acetylation to give the ester (I); in the 


EtO2C-CO-CF-CO,Et CO-CO-CF-CO}Et HO,C-CO-CHF-CHR:OAc 
R-CH-OAc O——CHR 
(I) (II) (IIT) 


absence of the anhydride a lactone (II) was formed. Acidic hydrolysis of the acetoxy-ester 
(I) is accompanied by loss of one carboxyl group and y-acetoxy-$-fluoro-«-oxo-acids (IIT) 
are formed. As examples, the reactions of isobutyraldehyde and formaldehyde are 
described; an analogous behaviour has been observed for heptanal, butyl glyoxalate, 
glyoxal, and 2-methyl-3-oxopentanal. 

The lactones (II) are converted into acetoxy-esters (I) by successive treatment with 
acetic anhydride and with anhydrous ethanol in the presence of hydrogen chloride. 
Conversely, the esters (I) yield the lactones (II) upon treatment with cold sodium hydrogen 
carbonate solution. With strong alkali, lactones (II) are split into oxalic acid and 
derivatives of «-fluoroacrylic acid, as already observed by Gault and his co-workers ! for 
the unsubstituted acid. It is possible to prepare these unsubstituted acids without 
isolation of the intermediate compounds. This is described for the preparation of 2-fluoro- 
non-2-enoic acid. 


Experimental.—Ethyl 4-acetoxy-3-ethoxycarbonyl-3-fluoro-5-methyl-2-oxohexanoate (I; R= 
Pr'), (a) To diethyl oxalofluoroacetate * (20-6 g.) in ether (50 ml.), were added successively 
sodium acetate (10 g.), isobutyraldehyde (10 g.), and acetic anhydride (12 g.). The mixture 
was refluxed and stirred for 5 hr., and the solution filtered and distilled, first under 30 mm., then 
under 1 mm. pressure. The hexanoate (10 g., 31%) finally had b. p. 134°/1 mm.; it gave no 
reaction with ferric chloride (Found: C, 52-4; H, 6-9; F, 6-0. C,,H,,FO, requires C, 52-5; 
H, 6-6; F, 5-9%). 

(b) As described previously,* the enolate of diethyl oxalofluoroacetate was prepared from 
0-1 mole each of ethyl fluoroacetate, diethyl oxalate, and sodium hydride; it was then treated 
with glacial acetic acid (7 g.), and isobutyraldehyde and acetic anhydride were added as above 


* Part XVIII, Shahak and Bergmann, Bull. Res. Council Israel, 1960, in the press. 
' Gault, Rouge, and Gordon, Compt. rend., 1960, 250, 1073. 

* Blank, Mager, and Bergmann, /., 1955, 2190. 

3 Bergmann and Shahak, /., 1960, 3225. 
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Working-up gave a 30% yield of (I; R = Pr’). The infrared spectrum shows a very strong 
peak at 1754 cm. and the C-F bond at 1110 cm. (broad). 

Ethyl 4-acetoxy-3-ethoxycarbonyl-3-fluoro-2-oxobutyrate (I; R = H) was obtained analogously 
by using paraformaldehyde; it boiled at 120—122°/1 mm.; yield 21—22% (Found: C, 47-1; 
H, 5-3; F, 6-7. C,,H,,;FO, requires C, 47-5; H, 5-4; F, 68%). 

Interconversion of the acetoxy-ester (1) and the lactone (11). (a) Solutions of (I; R = Pr’) (10g.) 
in ether (100 ml.) and sodium hydrogen carbonate (15 g.) in water (250 ml.) were mixed and 
refluxed with agitation for 3hr. The ethereal layer was evaporated, washed with water, dried, 
and distilled. The product boiled at 129—130°/1 mm. and was further identified as the lactone 
(Il; R = Pr') by analysis (Found: OEt, 19-7. Calc. for C,)H,,FO,;: OEt, 19-4%). 

(b) A solution of the lactone (II; R = Pr’) (5 g.) in acetic anhydride (5 ml.) was saturated 
with gaseous hydrogen chloride, kept at room temperature for 1 hr., and refluxed for a further 
2 hr. The volatile constituents of the mixture were evaporated on the water-bath under 30 
mm., the residue was dissolved in ethanol (50 ml.), and the solution saturated with hydrogen 
chloride and refluxed for 5 hr. After addition of benzene (70 ml.), the product was distilled, 
first at atmospheric pressure on the water-bath, then im vacuo. The product (I; R = Pr') 
boiled at 134°/1 mm. and was further identified by analysis (Found: OEt, 27-5. Calc. for 
C,,H,,FO,: OEt, 28-1%). 

4-Acetoxy-3-fluoro-5-methyl-2-oxohexanoic acid (III; R= Pr’). The ester (I; R = Pr') 
(10 g.) was refluxed for 3 hr. with a mixture of glacial acetic acid (25 ml.) and concentrated 
hydrochloric acid (7 ml.). Volatile products were distilled off under 30 mm. pressure, and the 
residue was fractionated at 0-1 mm. pressure. The product, b. p. 137—138°/0-1 mm., slowly 
solidified and was recrystallized from benzene; it then melted at 87—-88° (Found: C, 48-9; 
H, 5-8; F, 8-8. C,H,,FO, requires C, 49-1; H, 5-9; F, 8-6%). 

Ethyl 3-fluoro-2-isopropyl-4,5-dioxotetrahydrofuran-3-carboxylate (II; R = Pr‘). A mixture 
of diethyl oxalofluoroacetate (10 g.), isobutyraldehyde (15 g.), and sodium acetate (8 g.) was 
heated at 100° with stirring for 4 hr. The product was poured into ice and dilute hydrochloric 
acid and isolated by extraction with benzene. The furan (3-5 g.; 30%) boiled at 129—130°/1 
mm. (Found: C, 52-0; H, 5-5; F, 8-0. C,)H,,;FO; requires C, 51-7; H, 5-6; F, 8-2%). The 
infrared spectrum shows a very strong carbonyl band at 1754 cm.}, and the C-F frequency is 
at 1180 and 1110 cm.*1. 

2-Fluoronon-2-enoic acid and its ethyl ester. To a suspension of sodium hydride (6 g.) in 
xylene (100 ml.), diethyl oxalate (38 g.), anhydrous ethanol (0-5 g.), and ethyl fluoroacetate 
(3-5 g.) were added and the mixture was heated at 40° until reaction set in. Then, the remainder 
of the ethyl fluoroacetate (23 g.) was added, and the mixture slowly (during 1 hr.) heated to 
60—75°. The ethanol formed was distilled off under 30 mm. (until xylene began to distil), and 
the residue heated for 30 min. at 70°. Freshly distilled heptanal (28-5 g.) was added, and the 
mixture heated at 100° for 30 min., cooled, and poured into water (500 ml.). The organic 
layer was separated, washed with water, 5% sodium carbonate solution, and again with water, 
and distilled, first at 30 mm., then at 2mm. Ethyl 2-fluoronon-2-enoate (26 g., 52%) boiled at 
99—101°/2 mm. (Found: F, 9-6. (C,,H,,FO, requires F, 9-4%). The residue of this fraction 
was distilled until the vapour temperature reached 165°, and the second distillate treated with 
cold alcoholic potassium hydroxide solution. Water was added, the alcohol distilled off in vacuo, 
and the aqueous solution acidified and extracted with benzene. Thus, 2-fluoronon-2-enoic 
acid (6 g., 14%), b. p. 115—117°/1 mm., was obtained. The same acid was prepared by 
analogous hydrolysis of the ethyl ester (Found: C, 62-4; H, 8-3; F, 10-6. C,H,,FO, requires 
C, 62-1; H, 8-6; F, 10-9%). 


DEPARTMENT OF ORGANIC CHEMISTRY, 
HEBREW UNIVERSITY, JERUSALEM. [Received, April 12th, 1960.] 
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1014. <A Gas-circulating Pump which operates over a Wide 
Range of Pressure. 


By E. R. S. WINTER and L. D. Eaton. 


In gas-kinetic problems it is often necessary to circulate gas at fixed and known rates 
around a closed system; it is usually desirable also to be able to do this over a wide range 
of pressure. The most satisfactory device, especially when working with very clean 
materials in a glass high-vacuum system, is in our experience an oscillating mercury pump 
which gives a positive displacement of gas,! but this method suffers from the disadvantage 
that the ground-glass one-way valves in the gas-flow line will not work reliably below 
pressures of a mm. or so. Diffusion pumps have been used ? at lower pressures but it is 
not then possible to determine, except indirectly, the rate of circulation. The pump 
shown in the Figure, basically that described by Reilly and Rae,! is easy to construct, 


Circulating gas 










Rough vacuum 
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robust and reliable in operation, and gives positive and measurable rates of gas circulation, 
from pressures of at least 76 cm. to well below 0-1 mm. (?.e., down to pressures at which 
diffusion becomes important) without any alteration or adjustment except of the level 
of the reservoir G. 

The operation of the system is as follows: The rough vacuum applied to G causes the 
mercury to rise until buoyancy pushes up the float F, letting air in through the ground- 
glass valve P and so pushing the mercury in G down and repeating the cycle. The rise 
and fall of mercury in G causes a corresponding fall and rise of mercury in T. As F rises 
and falls, it activates a microswitch Sw which is firmly clamped in a suitable position 
above R; fine adjustment of the operation of Sw is achieved by restricting the vertical 
movement of the arm of Sw (and of F itself) by an adjustable screw S, provided with 


' Reilly and Rae, ‘‘ Physico-Chemical Methods,”’ Vol. I, p. 267, Methuen, London, 1940. 
* Dodd and Robinson, ‘‘ Experimental Inorganic Chemistry,’’ p. 117, Elsevier, London, 1954. 
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locking nuts. S is fixed to a small brass plate upon which Sw is mounted, and the whole 
assembly is best made integral with the movable support for G. Sw is a single pole 
change-over switch (Honeywell Controls, No. BA-2RV2-A2) and operates to pass current 
through coils C, and C, alternately, as shown in the circuit diagram. C, and C, are two 
identical coils on brass formers, comprising about 2,500 turns of 24 s.w.g. enamel-covered 
copper wire; they surround the widebore (~1 cm. internal diameter) portion of the two 
mercury valves V, and V, and raise and lower iron slugs S, and S, (~10 g. of soft iron, 
sealed in glass), so lowering and raising to the cut-off point the level of mercury in the 
narrower U-tubes (~3 mm. internal diameter). The synchronisation of this operation 
with the rise and fall of mercury in T forces a one-way circulation upon the gas in the 
closed system, of which V, and V, form a part. To reduce oscillation of the mercury in 
V, and V,, the connection to the bottom of the U-tubes is slightly constricted at O, and O,. 
It is convenient to construct the tube T from a burette to facilitate calculation of the rate 
of circulation of gas. The speed and capacity of the pump may be altered by constricting 
the rubber tubing R connecting G and T and by changing the dimensions of F and G: 
with F = 1-9 cm. (external diameter) and G = 2-3 cm. (internal diameter) our pump had 
a stroke of 10—12 ml. and a maximum displacement rate of about 400 ml./min., independent 
of the total pressure in the apparatus. 

The pump described here will not operate against a positive pressure of more than 
about 5 mm., since blow-back will otherwise occur round the mercury cut-offs. 

When it is necessary to force the gas against an appreciable resistance, e.g., through a 
closely-packed reactor or through a series of bubblers for purposes of purification or 
analysis, the same principle can be used, V, and V, being replaced by magnetically- 
operated cut-offs of a different design. For example, ground-glass valves can be used, 
with slugs of iron sealed in the plungers, or where permissible stainless-steel ball-bearings 
in ground-glass cups. 


Joun & E. Sturce Limited, 1 WHEELEYs Roap, 
BIRMINGHAM 15. [Received, May 12th, 1960.] 





1015. The Reaction of Propionic Acid with Alkylboron Chlorides. 
By A. G. MASsEy. 


Brown and Murray * have described the reductive fission of the boron trialkyls by reflux- 
ing them with various carboxylic acids in a high-boiling ether: 


BR, -+ nR’“"CO,H — nRH+ BRg_n(OCOR), » - - . ee 


In this work propionic acid and 1,2-bis(dichloroboryl)ethane (BCI,°CH,°), in ethylene 
glycol dimethyl ether were heated in sealed tubes at 100—150°. Some ethane was 
produced, together with methane, hydrogen, and ethylene, but the predominating product 
was methyl chloride, which no doubt arose from two reactions: (i) An ether-splitting 


reaction: 
H,*CH,*OMe cl 
_ —e mec + 26 ) gocreeseg® 
NoCHyCHyOMe 


-BCl, 

Me 

and (ii) attack of hydrogen chloride (formed by interaction of the boron-chlorine groups 
with the propionic acid) on the ethylene glycol dimethyl ether: 


OMerCH,°CH,°OMe + HCl —— MeCl + OMeCHy°CHyOH . . . . . (3) 


However, the quantity of methyl chloride produced by reaction (3), when carried out in 
the presence of propionic acid, was small compared with the total yield obtained in the 
reductive fissions. 


1 Brown and Murray, J. Amer. Chem. Soc., 1959, 81, 4108. 
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Further experiments involving the alkylboron chlorides were carried out in the 
absence of solvent to avoid the formation of methyl chloride. When mixtures of 
1,2-bis(dichloroboryl)ethane and propionic acid were heated in sealed tubes at 100°, low 
yields of ethane were obtained and it was not until the temperature was increased to 
140° that almost quantitative evolution of ethane was attained after extended reaction 
times; the yield of ethane was reduced to some extent by traces of ethylene, methane, and 
hydrogen formed as by-products. These products could not have arisen from the thermal 
decomposition of the 1,2-bis(dichloroboryl)ethane because previous work ? has shown that 
evolution of hydrocarbons on pyrolysis is insignificant even at 200°. The reaction 
probably proceeds step-wise 


> BCHy'CHyBC + Et-COZH —B SB-CHy'CH, + >B-O-COEt 
>B*CHy'CH, + Et‘CO,H —t SB-O-COEt + CHy’CHy 


Dimethylboron chloride and methylboron dichloride produced only methane on being 
heated in sealed tubes with propionic acid at 150—160°, the yield of methane in both cases 
exceeding 98%, and the results being reproducible. Two experiments on methylboron 
dichloride containing a trace of boron trichloride produced 97-2% and 97-4% of the 
theoretical quantity of methane (the sample being assumed to have been pure CH,BC1,), 
i.¢., 2°7 + 0-1% of boron trichloride was present as impurity. 

It is therefore suggested that the reaction of propionic acid with methylboron chlorides’ 
can be used as a convenient method for the determination of alkyl groups in inseparable 
mixtures of boron trichloride and the two methylboron chlorides. Possible extension of 
the method to the analysis of methylboron fluoride mixtures * (where determination of the 
fluoride is difficult) and of methylated diboranes * is being investigated. Hydrolysis of the 
methylated diboranes by water produces the B-H content of the borane mixture as 
hydrogen, whereas reaction with propionic acid appears to yield both methane and 
hydrogen, so allowing a complete determination of the B-H and B-CH, groups in the 
mixture to be made. 


Experimental.—The preparation of 1,2-bis(dichloroboryl)ethane has been described. 

Dimethylboron chloride was prepared by reaction of hydrogen chloride with trimethylboron 
in sealed tubes at 140—180°. In a typical experiment, trimethylboron (1-24 mmoles) and 
hydrogen chloride (2-45 mmoles) were heated at 140° for 7 hr.; the yield of methane 
was 0-47 mmole (38%). Further heating for 3 hr. at 180° produced another 0-635 mmole of 
methane. Fractionation of the material condensable at — 112° yielded 1-02 mmoles of dimethyl- 
boron chloride (82%), of which 1-24 mmoles yielded 1-28 mequiv. of chloride ion on hydrolysis 
with water. 

Methylboron dichloride was formed in 88% yield by heating boron trichloride (1-82 mmoles) 
and trimethylboron (0-91 mmole) at 450° for 12 hr.: 2BCI, + BMe,—» 3BCI,Me, and 
0-437 mmole of this on hydrolysis yielded 0-884 mequiv. of chloride ion (Calc.: 0-874 mequiv.). 

Reaction of 1,2-bis(dichloroboryl)ethane with propionic acid. The results of four typical 
experiments are summarised in Table 1. Expts. 1 and 2 were conducted in the presence of 
ethylene glycol dimethyl ether, expts. 3 and 4 without solvent. Quantities are expressed in 
mmoles. 

Reaction of hydrogen chloride with ethylene glycol dimethyl ether. Hydrogen chloride (1-89 
mmoles) was sealed with ethylene glycol dimethyl! ether (3 ml.) and heated at 140°; propionic 
acid (3 ml.) was added in order to simulate the conditions used in expts. 1 and 2 of Table 1. 
After 23 hr. the yield of methyl chloride was only 0-06 mmole: heating for a further 98 hr. at 
150° increased the yield by 0-19 mmole; this contrasts with expt. 1 (Table 1) in which 
0-42 mmole of methyl chléride was formed in only 30 hr. at 100°. 

Reaction of propionic acid with methylboron dichloride and dimethylboron chloride. No ethylene 


2 Holliday and Massey, J., 1960, 2075. 
8 Duffy, Holliday, and Woodward, personal communication, 
4 Holliday and Massey, J., 1960, 43, 
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glycol dimethyl ether was used in any of these experiments; three typical runs are summarised 
in Table 2. Quantities are again expressed in mmoles. 


TABLE l. 
BeparieMGet BO. 0.000005020000000008 1 2 3 4 
Reaction time (hr.) ............... 30 96 12 264 
EEE cisedencocvcancstevens 100° 150° 100° 140° 
CO Eg WO a 5.0. 2000.2 .0c008008- 1-19 1-56 1-86 1-01 
RINNE TG: & jacticrantacecenass 0-05 0-37 0-08 0-99 
Me, . dentsnsetcsovecees 0-01 0-06 0-01 0-01 
in TAS et ee: trace 0-01 0-04 0-02 
ee eee 0-02 0-03 0-02 0-01 
BD viscacccceresssces 0-42 1-82 0-00 0-00 
TABLE 2. 
Experiment no. ...........00.+ 5 6 7 
xin (CH,),BCl,, —Z) Pee oceces 2 1 1 
(CH,),BCl, = 2) eh tetas 0-515 0-806 0-856 
Reaction temp. ............... 160° 155—160° 155—160° 
_¢ ee aes ce TN, | ) a 
Reaction time (hr.) ............ 17-5 41-5 63-5 9-5 23-5 14 35 
Methane removed ............ 0-913 1-012 1-014 0-770 0-785 0-821 0-832 
Ratio CH, : (CH;),BCl _ 1-97: 1 0-974: 1 0-972 : 1 


The author thanks Dr. A. K. Holliday for his continued interest in this work and the 
Department of Scientific and Industrial Research for a maintenance grant. 


THE UNIVERSITY, LIVERPOOL. (Received, May 26th, 1960.) 


1016. The Resolution of (+)-Propylenediamine by a Stereospecific 
Reaction. 


By H. Irvine and R. D. GILLARD. 


In a study of conformational effects on the stability constants of complex ions in solution 
we have prepared (+)- and (+)-propylenediaminetetra-acetic acid, A,N-CHMe-CH,*NA, 
(pdta; A = CH,°CO,H), and some of its metal derivatives. A recent paper by Dwyer and 
Garvan ! has anticipated many of our results on the preparative side but the following 
example of a stereospecific reaction is new. 

We find that racemic propylenediamine (pn) reacts with levorotatory [Co™!(-+--pdta)]- 
to give dextrorotatory [Co™(+-pn),]** from which (+-)-propylenediamine can be isolated. 
A similar reaction has previously been noted with dextrorotatory [Co(edta)]~ (where 
edta = ethylenediaminetetra-acetic acid).2_ Although there are differences between the 
infrared spectra of (-+)-pdta and (+-)[or (—)]-pdta which can be attributed to differences 
in hydrogen bonding in the solid state,1 we find no such differences between the infrared 
spectra of their respective cobalt(1m) complexes (measured as sodium salts in Nujol 
mulls), at least under the resolution employed, which suggests that the conformations 
of the anions are identical. This result agrees with Corey and Bailar’s theory of chelate 
rings * which predicts no differences between molecules that are identical apart from 
having chelate rings formed by different optical antipodes, 


Experimental.—Preparation of lavorotatory potassium (-+-)-propylenediaminetetra-acetato- 
cobalt(111) trihydrate, levorotatory K{Co(+-pdta)],3H,O. Cobaltous chloride hexahydrate (0-6 
g.), potassium acetate (4 g.), and (+)-propylenediaminetetra-acetic acid monohydrate [0-82 
g.; from (+)-propylenediamine and chloroacetic acid) in water (12 ml.] were warmed to 

* Dwyer and Garvan, ]. Amer. Chem. Soc., 1959, 81, 2955. 


* Kirschner, Yung Kang Wei, and Bailar, /. Amer. Chem. Soc., 1957, '79, 5877. 
* Corey and Bailar, /. Amer. Chem. Soc., 1959, 81, 2620. 
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30° and shaken while 3% hydrogen peroxide (8 ml.) was added gradually. - Ethanol (8 ml.) 
was slowly added to the deep violet solution and the sides of the vessel were scratched until 
crystallisation began. ‘The salt, levorotatory K{Co!'(+-pdta)],3H,O (1-01 g., 92% yield) 
separated and was recrystallised from water (10 ml.) by adding methanol and cooling (Found: 
Co, 12-8; C, 29-0; H, 4:15. C,,H,,O,N,KCo,3H,O requires Co, 13-0; C, 29-1; H, 4.4%). 

Reaction between laevorotatory potassium (-+-)-propylenediaminetetra-acetatocobalt(111) and 
(+)-propylenediamine. The cobalt complex (0-65 g., 0-0015 mole), dissolved in water (5 ml.), 
was treated with a 100% excess of redistilled propylenediamine (0-83 ml., 0-009 mole) in water 
(2ml.). The mixture was shaken at 25° for 5 min. during which the colour changed from violet 
to orange. After the mixture had been cooled in ice, 25% sodium iodide solution was added; 
scratching caused separation of dextrorotatory ¢ris-(+-)-propylenediaminecobalt(111) iodide 
monohydrate as orange-yellow crystals. These were collected, washed with acetone, and dried 
in the air (yield 0-9 g., 90%) (Found: C, 15-8; H, 4:85. C,yH3 )N,Col,;,H,O requires C, 15-9; 
H, 47%). They had [{a],,?° +-24-5° in 1% aqueous solution. 

Recovery of (+-)-propylenediamine. The cobaltammine (0-65 g.) was intimately mixed with 
sodium hydroxide (1 g.) and potassium metabisulphite (0-2 g.) and distilled over a free flame. 
The distillate was exactly neutralised to Methyl Red with 0-097N-hydrochloric acid (yield of 
diamine 50%); the rotation of the (+-)-propylenediamine dihydrochloride was found to be 
[a],°° +4-2° (c 0-77 in H,O) (lit.,4 3-9—4-1°). 

THE INORGANIC CHEMISTRY LABORATORY, 

OxFORD UNIVERSITY. [Received, May 30th, 1960.) 


4 Bailar, Jonassen, and Gott, J]. Amer. Chem. Soc., 1952, 74, 3131. 


1017. Tetrakis(triphenylphosphine)-silver(t) and -copper(1) Complexes. 
By F. A. Cotton and D. M. L. GOoDGAME. 


ALTHOUGH considerable study has been made? of phosphine and arsine complexes of 
copper(1) and silver(I), no complexes containing four phosphine or arsine molecules bound 
to one of these metal ions seem to have been prepared.* We have now isolated several 
salts of the tetrakis(triphenylphosphine)-silver(I) and -copper(I) cations by using metal 
salts with anions having poor ligand properties, viz., ClO,'~, BrO,!~, NO,'~. The only. 
complexes of the type [L,Cu]!* and [L,Ag}**, where L is a ligand generally believed to 
engage significantly in x-bonding to the metal atom, are the tetrakis-(p-tolylisocyanide)- 
copper(I) and -silver(1) perchlorate ® and some other copper(1) and silver(I) compounds of 
less certain structure * which may, however, contain tetrakis(isocyanide)-copper(I) and 
-silver(I) cations. 

All the complexes reported are white, stable solids. The conductances (Table 1) of the 
compounds [Ag(PPh,),|X (X = ClO,, BrO,, NO,) and (Cu(PPh,),}C1O, in nitrobenzene and 
nitromethane show them to be, without doubt, uni-univalent electrolytes in view of the 
established ranges of molar conductances for such compounds.‘ The infrared spectra of 
anions (Table 2) in these tetrakis-complexes confirm this by demonstrating the presence of 
the free, unco-ordinated anions. 


* We were not aware of the work of Cochran, Hart, and Mann (jJ., 1957, 2816) when writing this 
manuscript. These authors reported compounds of the type {[o-C,H,(PR,)(AsR’,)],Cu}X and the 
corresponding silver compounds, which, while not exactly the sort reported here, are closely related to 
them. Our results do show, however, that chelation is not essential to the stability of such complex 
cations. We thank the Referee for calling the above reference to our attention. 


1 Mann, Purdie, and Wells, J., 1936, 1508; Cass, Coates, and Hayter, J., 1955, 4007; Ahrland and 
Chatt, Chem. and Ind., 1955, 96; Ahrland, Chatt, Davies, and Williams, /., 1958, 276. 

® Sacco, Gazzetta, 1955, 85, 989. 

* Klages, Ménkemeyer, and Heinle, Chem. Ber., 1952, 85, 109. 

4 Nyholm and his co-workers, ]., 1951, 38; 1956, 4375; 1959, 3447; Nature, 1959, 183, 1039; 
Foss and Gibson, J., 1949, 3063; Malatesta and Sacco, Z, anorg. Chem., 1953, 378, 248. 











5268 Notes. 


On treating copper nitrate with triphenylphosphine, we obtained, not the tetrakis- 
complex, but instead (PPh,),CuNO,. Its molar conductivity being nearly zero, the most 
reasonable structures to be considered for it are either a trico-ordinate monomer or 
a nitrate-bridged dimer. Unfortunately, it is too insoluble in suitable solvents to permit 
cryoscopic or ebullioscopic molecular-weight determinations. The presence of co- 
ordinated nitrate ion is amply demonstrated by the infrared spectrum. This may probably 
be taken to mean that the structure is tri-co-ordinate, monomeric, especially since nitrate 
bridging has not, to our knowledge, been demonstrated to occur. It may be noted, how- 
ever, that a bridging nitrate, like a singly co-ordinated nitrate, will have Ca, symmetry and 
might thus have an infrared spectrum not fundamentally different from that of a singly 
co-ordinated nitrate. 





Experimental.—Tetrakis(triphenylphosphine)silver perchlorate. A solution of silver per- 
chlorate (1-55 g., 00067 mole) in hot absolute ethanol (4 ml.) was added to a solution of tripheny]- 
phosphine (7-87 g., 0-03 mole) also in hot ethanol (30 ml.). A colourless solid was immediately 
formed, and this was filtered off after the mixture had been cooled. The crude product 
recrystallized from acetonitrile (3 g. in 125 ml.), and the colourless crystals were washed with 
methanol and dried in vacuo; they had m. p. 290° (yield 77%) (Found: C, 69-1; H, 5-0; Ag, 
8-7. C,.H,,AgClO,P, requires C, 68-8; H, 4-8; Ag, 86%). The compound is insoluble in water, 
ethyl acetate, n-hexane, cyclohexane, carbon tetrachloride, di-isopropyl ether, and ligroin. It 
is slightly soluble on heating in the lower alcohols, butanol, acetone, ethyl methyl ketone, 
chloroform, benzene, toluene, chlorobenzene, nitrobenzene, nitromethane, 2-nitropropane, 
dioxan, acetonitrile, and dimethylformamide. 

Tetrakis(triphenylphosphine)silver bromate. A solution of silver bromate (0-72 g., 0-00306 
mole) in ammonia solution (d 0-880; 5 ml.) was added to one of triphenylphosphine (3-37 g., 
0-0129 mole) in hot ethanol (25 ml.). The faint apalescence first formed disappeared on 
thorough mixing of the reactants. After a few minutes the clear solution yielded a white 
solid. The mixture was digested on a steam-bath for 45 min. and then stored overnight. The 
white solid was filtered off, washed twice with ethanol, and dried im vacuo; it had m. p. 160° 
(decomp.) (yield 3-53 g., 90%) (Found: C, 68-0; H, 4:8; P, 9-8. C,,H,,AgBrO,P, requires C, 
67:3; H, 4:7; P, 96%). The compound is soluble in nitrobenzene and slightly soluble in hot 
nitromethane and hot acetonitrile. 

Tetrakis(triphenylphosphine)silver nitrate. A solution of silver nitrate (0-85 g., 0-005 mole) 
in hot acetonitrile (1 ml.) was added to one of triphenylphosphine (5-5 g., 0-021 mole) in hot 
absolute ethanol (14 ml.). After a few minutes colourless crystals began to separate. After 
several hours the solid product was filtered off, washed with ethanol, and dried in vacuo, then 
having m. p. 215° (yield theoretical) (Found: C, 71-7; H, 5-1; N, 1:36; P, 10-1. 
Cr2HggAgNO,P, requires C, 70-9; H, 5-0; N, 1-15; P, 10-2%). The compound is readily 
soluble in nitrobenzene, nitromethane, and acetonitrile. 

Tetrakis(triphenylphosphine)copper(t) perchlorate. A solution of cupric perchlorate (1-86 g., 
0-005 mole) in absolute ethanol (5 ml.) was added to triphenylphosphine (6-55 g., 0-025 mole) 
in ethanol (25 ml.). A colourless solution was formed from which colourless crystals rapidly 
separated. These were filtered off, washed with ethanol, and dried im vacuo [m. p. 275° 
(decomp.); yield 5-96 g., 98%] (Found: C, 71-1; H, 5-1; Cl, 2-9; Cu, 5-3; P, 9-7. 
C,,H,,CuClO,P, requires C, 71:3; H, 5-0; Cl, 2-9; Cu, 5-2; P, 10-2%). The compound 
recrystallized from absolute ethanol (2 g. in 65 ml.), the recovery being 65%. It is also soluble 
in nitromethane and in hot methanol, but insoluble in water. 

Bis(triphenylphosphine)nitratocopper(1). A solution of cupric nitrate (1-82 g., 0-0075 mole) 
in hot methanol (10 ml.) was added to triphenylphosphine (8-25 g., 0-0315 mole) in hot 
ethanol (25 ml.). A colourless solution was obtained, and colourless needles separated on 
cooling. These were recrystallized from absolute ethanol (2 g. in 275 ml.), and colourless 
needles obtained in 50% recovery. The compound was washed with two portions of absolute 
ethanol and dried in vacuo (m. p. 237°); overall yield of pure product 28% (Found: C, 66-6; 
H, 4-6; Cu, 9-8; N, 2-2. C,,H,,CuNO,P, requires C, 66-5; H, 4-65; Cu, 9-8; N,2-15%). The 
compound is insoluble in water, very slightly soluble in benzene and ethylene dibromide, and 
soluble in hot alcohols, nitrobenzene, and nitromethane. 

Electrolytic conductance. This was measured with a Serfass bridge. A conventional cell 
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was used, previously calibrated with aqueous solutions of potassium chloride. The results are 
shown in Table 1. 


TABLE 1. Molar conductances of the complexes. 
Molar conductance (mho) for 


Compound Solvent Temp. 10-*m-solution 
CD I ide dink 5scsnscaddodese Ph-NO, 22-3° 27-9 
SE NEE. wonsscccnsssveosnacuten Ph-NO, 25-7 18-6 
Eg sR ee Ph-NO, 23-8 19-3 
PEGE las icscverboscdscosetoosecese Me-NO, 24-8 89-3 
Ge ys nsnsseteniinescciccacscteni Ph-NO, 25-0 ~0 


Infrared absorption spectra. These spectra were obtained with a Perkin-Elmer 21 spectro- 
photometer, fitted with a rock-salt prism. Nujol mulls were used. The relevant data are 
shown in Table 2, together with reference data from the literature. 


TABLE 2. Infrared absorption spectra of the complexes and reference compounds. 


Compound Absorption maxima (cm.~}) Ref. 
[Ag(PPh;),]BrO, 805vs 
Ionic bromates 807—790vs 5 
[Ag(PPh,),]NO, 1343vs 
Ionic nitrates 1450—1350s—vs, ~1050vw (or absent), 840—880vw—m 5, 6 
{Cu(PPh,).)NO, ~1475m, 1275s, 1022s, 810m 


Co-ord. nitrate (M‘O-NO,) 1530—1480s—ms, 1290—1253s, 1035—970s, 820—780w—m 6,7 
[Ag(PPh,),)ClO, 1087vs 
[Cu(PPh,),|ClO, 1087vs 
Ionic perchlorates 1050—1150vs 5 


This work was supported by the U.S. Atomic Energy Commission under Contract No. 
AT(30-1)-1965. 


DEPARTMENT OF CHEMISTRY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
77 MASSACHUSETTS AVENUE, CAMBRIDGE 39, MassacHusETTS. [Received, June 8th, 1960.) 


5 Miller and Wilkins, Analyt. Chem., 1952, 24, 1253. 
® Gatehouse, Livingstone, and Nyholm, J., 1957, 4222. 
? Bannister and Cotton, J., 1960, 2267. 





1018. «-Bonding in Tetrahedral Complexes. 


By F. A. Cotron. 


In view of the existence of many complexes of the tetrahedral [ML,]®"* type and interest 
in the nature of the metal-ligand bonding in them, it seems inportant that whatever 
information may be obtained from symmetry arguments concerning the bonding 
possibilities in such species be fully but correctly used. Since the question of how many 
M-L x-bonds may be formed is often of considerable importance, we here examine in 
somewhat more detail than can be found elsewhere the reasoning behind group-theoretical 
study of this question and, particularly, we note that statements to be found rather 
commonly in the literature concerning the number of x-bonds which may exist in tetra- 
hedral complexes are often imprecise and sometimes incorrect.} 

We assume that the central atom M in a tetrahedral complex, ML,, has five nd, one 
(w +-1)s, and three ( +- 1)# orbitals in its valency shell and that each ligand atom, L, 
has an electron pair in a o-orbital and two equivalent, empty d-orbitals. By the methods 


1 Although I had not, for personal reasons, intended to cite specific examples of the statements to 
which I refer, the Referees have suggested that a few such citations should be given. I have chosen 
the following impersonally and at random from the recent literature: Ahrland and Chatt, Chem. and 


Ind., 1955, 96; Meriwether and Fiene, J. Amer. Chem. Soc., 1959, 81, 4207; Chatt and Hart, /., 1960, 
1382. 
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of elementary group theory, the following results are obtained straightforwardly. The 
set of four ligand o-orbitals spans the representations (of group T,) A, and 7,, and the 
set of eight d-orbitals of the ligands spans the representations E, 7,, and T,. The 9 
valency-shell orbitals of the metal atom correspond to the irreducible representations in 
the following manner: 


Aj: s T,: none 
Ag: none T2: (Pr, Py» Pz) and (dry, drz, dyz) 
E: (ds, da_y) 


This means that the possible combinations of metal orbitals which may hybridize to form 
orbitals useful for o-bonding are 


(a) Ss, pz, hy, p: (0) S, dey, d;., dy. 
while the sets of metal orbitals which are usable in z-bonding are 
(c) (dn_y, d,), (pz, Py pz) (a) (days, ds) (dry, dex, yz) 


From the above results it can be seen why the question of which metal orbitals, and 
how many, may be used in x-bonding does not have an unequivocal answer in the tetra- 
hedral case. Both the o- and the z-orbital sets require the use of T, orbitals, and the 
metal atom has two sets of T, orbitals, viz., (pz, Py, Pe) and (dey, azz, dye). However, three 
cases may be considered. 

(1) If the metal uses set (a) to form o-bonds, then it can use set (d) to form x-bonds. 
In this event, five x-interactions of equal strength must occur. It can easily be shown, and 
has been,’ that an E orbital (d or ds_,s) has the same overlap with the ligand z-orbitals 
as does a T, orbital (d,,, dz, or dy.). Hence, if the o-orbitals are pure s#%, all five d-orbitals 
contribute equally to the x-bonding providing we assume that, in the complex, their 
radial wave functions remain identical. 

2) At the other extreme, set (b) may be used for o-bonding, whence only set (c) is 
available for x-bonding. We again have two zx-interactions via the E type d-orbitals 
and now also three more via the p-orbitals. Naturally, these two sorts of metal x-orbitals 
will not in general interact to the same extent (per orbital) with the ligand x-orbitals, but 
there is no theoretical argument or computation known to us to justify the belief that the 
two d-orbitals will give strong x-bonds while the f-orbitals will give negligible ones. 

(3) We may expect that in real complexes the o- and x-hybridizations will be some- 
where between the extremes considered under (1) and (2). In this case, there will still be 
the two E type d-orbitals to form z-bonds and then three more d—p-hybrids to form x-bonds. 
As noted under (2), there is not to our knowledge, any basis for assuming that the inter- 
action of these d—p-hybrids with ligand x-orbitals must necessarily be negligible compared 
to that of the d, and d,s_,» metal orbitals. 

It is, of course, possible that in cases (2) and (3) the f-orbitals or the d—p-hybrids will 
overlap very poorly, relatively to the ds and d»_,: with ligand z-orbitals, and Kimball 4 
seems to have made such an assumption although we cannot see that he gives any reason 
forsodoing. 4d- and 5d-Orbitals and all s- and f-orbitals in the valency shells of transition- 
metal ions have radial nodes, and it is certainly not impossible that these might be so 
placed as to affect selectively some overlaps relative to others,5 but our point is that there 
is no positive reason of which we are aware for assuming a priori that only two strong 
n-interactions may exist. 

In cases where the x-bonding exists only to the extent of an average of } x-bond or less 

* Eyring, Walter, and Kimball, ‘‘ Quantum Chemistry,”” John Wiley and Sons, Inc., New York, 
N.Y., 1949, especially Chapter 10 and section d of Chapter 12. 

* Wolfsberg and Helmholz, J. Chem. Phys., 1952, 20, 837. 


* Kimball, J]. Chem. Phys., 1940, 8, 188. 
® We thank Professor W. R. Thorson for suggesting this factor. 





- So 


s. 
1d 
Is 
Is 
‘ir 


ls 
ils 
ut 
he 


e- 
be 


oT - 





(1960) Notes. 5271 


per M-L link it is perhaps idle to entertain the question of whether there are two (or less) 
full x-bonds resonating among four positions, or whether there are more than 2, say n, 
n-interactions each having a strength equal to or less than 2/n. It seems, however, that 
in the case of [Fe(CO),]*- the extremely low carbonyl stretching frequency (1788 cm.* in 
the Raman spectrum *) suggests rather strongly that the metal-carbon x-bonding is far 
stronger than $ x-bond per M-C link. This, in turn, would show that more than 2 metal 
r-orbitals may interact strongly with the ligands and hence imply that smaller amounts 
of x-bonding in other compounds may be attributable to factors other than sheer inability 
of the metal atom to provide more than two suitable orbitals. 


MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
CAMBRIDGE 39, Mass. [Received, June 8th, 1960.) 


* H. Stammreich, ef al., J. Chem. Phys., 1960, 32, 1482. 





1019. Synthesis of Potential Anti-cancer Agents. Part I. 
Benzaldehyde ‘‘ Nitrogen Mustard” in the Knoevenagel Reaction. 


By FRANK D. Popp. 


A RECENT note? reported the preparation of a series of compounds of type (I), including 
that derived from ethyl cyanoacetate and #-[NN-di-(2-chloroethyl)amino]benzaldehyde * 
(II). This ester was inactive against the Dunning leukemia and non-toxic in the doses 


ReCH=C(CN)*CO,Et p-(Cl*CHy*CH,)gN°C,Hy*CHO p-(Cl*CH*CH,)gN°CgHysCH=CRR’ 
(1) (il) (I) 


administrated.* Despite this, the aldehyde (II) has been used in the Knoevenagel reaction 
to afford a variety of compounds (III) listed in the Table, piperidine being used as catalyst. 
Preliminary screening tests show that the compounds obtained from malononitrile and 
cyanoacetamide are active at 2 mg./kg. (toxicity 25 mg./kg.) against the Dunning leukemia 
in rats.3 

Compounds (III). 


Yield Required (%) Formula Found * (%) 
R R’ M. p. (%) Cc H Cc H 
CN CO,Et 173—174-5° ¢ 96 
CN CO,Me 167-5—168-5 88 55-1 49  C,sH,.N,O,Cl 551 49 
CN CO-NH, 191-5—192-5 68 53-9 4:8 C,,H,,N,OCl, 53-8 4-7 
CN CN 165—166 58 57-2 445 C,,H,,N,Cl, 57-3 4:5 
CN CO,H 206—207 97 53-7 465 C,,H,,N,0,Cl 535 44 
CO,Et  CO,Et 69—70 64 55-7 60 C,,H,,NO,Cl 55:7 5-9 


* By Spang Microanalytical Laboratory, Ann Arbor, Michigan. f Lit.,! 174—175°. 


In attempts to condense benzyl cyanide with our aldehyde, only the aldehyde was 
recovered. 


Experimental.—The author thanks Kay-Fries Chemicals, Inc., for gifts of methyl cyano- 
acetate, cyanoacetamide, and cyanoacetic acid, and Eastman Chemical Products, Inc., for a 
sample of NN-di-(2-hydroxyethy])aniline. 

Typical condensation. To a mixture of 2-46 g. (0-01 mole) of p-[NN-di-(2-chloroethy]l)- 
amino]benzaldehyde ‘ (2-46 g., 0-01 mole) and the reagent (0-01) containing active hydrogen 
in dry dioxan (15—25 ml.) at 0°, piperidine (~0-2 ml.) was added dropwise. After the mixture 


1 Popp, J. Org. Chem., 1960, 25, 646. 

* Anker and Cook, J., 1944, 489. 

* Dr. Ralph Jones, jun., personal communication. 

4 Elderfield, Covey, Geiduschek, Meyer, A. B. Ross, and J. H. Ross, ]. Org. Chem., 1958, 23, 1749. 
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had been kept overnight at room temperature, crystals had been formed except in reactions 
of diethyl malonate and benzyl cyanide. For the malonate the mixture was concentrated 
in vacuo and benzene was added and distilled off to remove any water, the residue crystallizing. 
The products (see Table) were recrystallized from chloroform. 


We acknowledge the assistance of S. Kotzen in the preparation of some of the aldehyde 
used. This work was supported in part by funds from an Institutional Grant of the American 
Cancer Society to the University of Miami and in part by a Research Grant (T 177) from the 
American Cancer Society. 


DEPARTMENT OF CHEMISTRY, UNIVERSITY OF MIAMI, 
CoraL GABLES, Fioripa, U.S.A. [Received, June 10th, 1960.] 





1020. The Synthesis of «-Amino-8-1-pyrazolylpropionic Acid. 
By I. L. Frnar and K. Uttinc. 


THE amino-acid (VI) was isolated by Fowden, Noe, et al.1 from Citrullus vulgaris (water 
melon) and synthesised by them in low yield by reaction between the silver salt of pyrazole 
and the methyl ester of $-chloroalanine hydrochloride. One possible synthetic approach 
to the acid seemed to be through oxidation of 1-2’-hydroxyethylpyrazole (I) to the 
corresponding aldehyde (II) followed by the Strecker reaction. 


fi ] () R = CHyCH,OH (IV) R = CHyCH(OH)*CH,°OH 
Na (i) R = CHy*CHO (V) R= CH,CI,HCI 
N (Ill) R = CHy*CH:CH, (VI) R = CHy*CH(NH,)*CO,H 


Hydroxyethylhydrazine * was prepared by a modified method and treated with 
1,1,3,3-tetraethoxypropane to yield 1-2’-hydroxyethyipyrazole, but attempts to oxidise 
this to the aldehyde failed. The preparation of this aldehyde was also attempted 
unsuccessfully by oxidation of 1-(1,2-dihydroxypropyl)pyrazole (IV) with periodic acid.* 
The dihydroxy-compound was prepared by hydroxylation * of 1-allylpyrazole (ITI) and 
also from 1,1,3,3-tetraethoxypropane and 3-hydrazinopropane-1,2-diol.® 

A successful synthesis of the acid was carried out by using 1-chloromethylpyrazole 
hydrochloride (V) and diethyl sodioacetamidomalonate. 


Experimental.—2-Hydroxyethylhydrazine.* To a cooled mixture of ethylene chlorohydrin 
(20-1 g., 0-25 mole), 100% hydrazine hydrate (25-0 g., 0-5 mole), and methanol (25 c.c.) was 
added dropwise, with cooling, sodium hydroxide (10-0 g., 0-25 mole) in water (15 c.c.), and the 
whole was kept overnight at room temperature. The precipitated sodium chloride was removed 
and the filtrate distilled to give 2-hydroxyethylhydrazine (11-6 g., 61%), b. p. 148—152°/30 mm. 

1-2’-Hydroxyethylpyrazole (1). 2-Hydroxyethylhydrazine (13-2 g., 0-174 mole) and concen- 
trated hydrochloric acid (32-5 c.c.) were mixed and cooled. 1,1,3,3-Tetraethoxypropane 
(38-3 g., 0-174 mole) and ethanol (35 c.c.) were then added. After refluxing for 1 hr. the 
mixture was cooled, basified with sodium carbonate (approx. 20 g.), and filtered. Distillation 
yielded 1-2’-hydroxyethylpyrazole (14-8 g., 76%), b. p. 129—131°/23 mm., 7, 15060 (Found: 
C, 53-5; H, 6-9; N, 25-3. C,H,N,O requires C, 53-6; H, 7-1; N, 250%). The alcohol yields 
the 3,5-dinitrobenzoate as needles (from benzene-ligroin), m. p. 99-—100° (Found: N, 18-1. 
Cy,HygN.O, requires N, 18-3%). 


1 Fowden, Noe, Ridd, and White, Proc. Chem. Soc., 1959, 131; Fowden and Noe, Nature, 1959, 
184, 69. 

* Gabriel, Ber., 1914, 47, 3032; Gansser and Rumpf, Helv. Chim. Acta, 1953, 36, 1430. 

* Malaprade, Bull. Soc. chim. France, 1928, 43, 683; Pyman and Stevenson, /J., 1934, 448. 

* Witzemann, Evans, Hess, and Schroeder, Org. Synth., Coll. Vol. 11, 1943, p. 307. 

* Preudenberg and Hess, Annalen, 1926, 448, 126. 
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1-Allylpyrazole (III). A mixture of potassium hydroxide (5-6 g., 0-10 mole) in ethanol 
(50 c.c.), and pyrazole (6-8 g., 0-10 mole) in ethanol (20 c.c.), was set aside for 15 min. Allyl 
bromide (18-1 g., 0-15 mole) in ethanol (30 c.c.) was then added dropwise with cooling. After 
1 hr. the mixture was refluxed for 1 hr. and filtered. Distillation yielded 1-allylpyrazole (7-0 g., 
65%), b. p. 159°, m, 1-4847 (Found: C, 66-5; H, 7-2; N, 26-3. C,H,N, requires C, 66-7; 
H, 7:4; N, 25-9%). 

1-(1,2-Dihydroxypropyl)pyrazole (IV). (a) To l-allylpyrazole (6-9 g., 0-064 mole) in water 
(100 c.c.), at 5°, was added dropwise with stirring a precooled solution of potassium perman- 
ganate (10-1 g., 0-064 mole) in water (190 c.c.), the temperature being kept below 6°. After 
3 hr. the mixture was heated on the steam-bath for 1-25 hr. and then filtered. Evaporation 
to small bulk and distillation gave 1-(1,2-dihydroxypropyl)pyrazole (4-1 g., 45%), b. p. 124 
126°/0-5 mm., , 1-5230 (Found: C, 50-6; H, 68; N, 19-9. C,H,)N,O, requires C, 50-7; 
H, 7-0; N, 197%). 

(b) To 3-hydrazinopropane-1,2-diol hydrochloride 5 (7-0 g., 0-049 mole) in concentrated 
hydrochloric acid (10 c.c.) was added 1,1,3,3-tetraethoxypropane (10-8 g., 0-049 mole) in 
ethanol (10 c.c.). After 30 min., the solution was refluxed for 30 min., basified with sodium 
carbonate, and filtered. Distillation yielded the dihydroxypropylpyrazole (4:5 g., 64%) 
having the physical constants described above. 

1-Chloromethylpyrazole hydrochloride (V). 1-Hydroxymethylpyrazole * (5-0 g., 0-05 mole) 
in dry chloroform (50 c.c.) was added dropwise to thionyl chloride (12-4 g., 0-104 mole) in 
chloroform (20 c.c.) at 0°. After 2 hr. at room temperature the excess of reagent and the 
solvent were removed under reduced pressure. The residue was washed with chloroform and 
dried in vacuo, to give 1-chloromethylpyrazole hydrochloride (6-3 g., 80%) (Found: Cl, 46-3. 
C,H,Cl,N, requires Cl, 46-4%). 

a-Amino-B-1-pyrazolylpropionic acid (VI). To sodium (1-5 g., 0-066 mole) dissolved in 
absolute ethanol (50 c.c.) was added diethyl acetamidomalonate ”? (14-3 g., 0-066 mole), and 
the mixture was set aside for 45 min., then cooled in ice and treated, dropwise with stirring, 
with 1-chloromethylpyrazole hydrochloride (4:3 g., 0-028 mole) in absolute ethanol (40 c.c.). 
After being kept at room temperature overnight, the solvent was removed under reduced 
pressure, and the residue dissolved in 4-6N-hydrochloric acid (150 c.c.) and extracted with ethy] 
acetate (2 x 60 c.c.). The solution was basified with sodium carbonate and extracted with 
ether (5 x 100 c.c.) which, after drying (Na,SO,), was evaporated to leave an oil which rapidly 
solidified. This solid was heated with concentrated hydrochloric acid (40 c.c.) for 5 hr. on the 
steam-bath, and the solution was then evaporated to dryness under reduced pressure. The 
residual oil was dissolved in water (10 c.c.), treated with charcoal, and brought to pH 5 with 
ammonia solution (d 0-880). Addition of two volumes of ethanol and cooling in ice gave 
a-amino-8-l-pyrazolylpropionic acid (2-6 g., 60%), m. p. 245—247° (decomp.) not depressed 
on admixture with an authentic specimen of the racemised t-acid (m. p. 247°). A paper 
chromatogram run on Whatman No. 4 filter paper with phenol—-water (3: 1 v/v) gave the same 
Ry value of 0-8 as an authentic sample and comparison of infrared spectra further confirmed 
the identity. 


We thank Dr. Fowden for specimens of the naturally occurring L- and pL-amino-acid. 
THE NORTHERN POLYTECHNIC, Hottoway Roap, Lonpon, N.7.  [Received, June 14th, 1960.) 
* Hiittel and Jochum, Chem. Ber., 1952, 85, 820. 


* Tishler and Howe, U.S.P. 2,521,809/1950; Albertson and Archer, J. Amer. Chem. Soc., 1945, 67, 
308; Jones, ibid., 1949, 71, 3994. 
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1021. Oxidation Products of Manool. 
By P. K. Grant and R. HopcEs. 


OXIDATION of manool with potassium permanganate in acetone yielded, in addition to 
the compounds reported by Schenk e¢¢ al.,} minute amounts of 88-hydroxypodocarpan- 
13-one (I), first reported by Hosking. Greatly increased yields of this compound were 
obtained by carrying the reaction out at 40°. On dehydration it gave podacarp-8(14)- 
en-13-one (II), identical with a sample prepared from isophyllocladene.* Reduction of 
the ketone with sodium borohydride gave podocarp-8(14)-ene-13«-ol (III) and its axial 
138-epimer, but hydrogenation over Adams catalyst in acetic acid gave the epimeric 
podocarpan-13«- and -138-ol (IV), the proportion of axial epimer being increased by the 
acid conditions as expected. Chromic acid oxidation of podocarpan-136-ol gave podo- 
carpan-13-one (V). 

The stereochemistry of compounds (I), (II), and (V) has been proved by rotatory 
dispersion measurements, the curves of (I) and (V) being identical with those of cholestan- 
3-one while that of (II) is similar to that of cholest-4-en-3-one. 

Partial ozonolysis of manool in acetic acid gave, besides the ketone (VI), a substance 
whose infrared spectrum and mass spectrum were consistent with its formulation as (VII). 





II) R =:0 (IV) R = OH. 
(III) R = OH (Vv) R =:o0 


Experimental.—M. p.s are corrected. Light petroleum had b. p. 60—80° unless otherwise 
stated. Alumina was B.D.H. grade “‘ for chromatographic adsorption analysis.” 

88-Hydroxypodocarpan-13-one (1). To manool (20-8 g.) in acetone (50 c.c.) at 40° potassium 
permanganate (66 g.) was added slowly until a faint pink colour persisted in the supernatant 
liquid. The acetone-soluble fraction was adsorbed on alumina from light petroleum; 
elution with 19: 1 ether—acetone gave needles (0-9 g.) of the hydroxy-ketone. Recrystallisation 
from light petroleum and vacuum-sublimation gave material of m. p. 204—205° (lit., 198—199°,? 
202—203° *), Vmax (in Nujol) 3420 (OH), 1727 and 1686 (C=O) (reverting to 1722 in CCI,), 1414 
(“‘ perturbed ’” CH,) cm.?. A further quantity (0-05 g.) of this ketol was obtained from the 
manganese dioxide by working up as directed by Schenk e al.1 and chromatographing the 
neutral fraction. 

Podocarp-8(14)-en-13-one (11). Sulphuric acid (4 c.c.) was added dropwise to a solution of 
the ketol (0-5 g.) in methanol (75 c.c.), and the solution was heated to the b. p., then cooled, 
diluted, and extracted with ether. The a$-unsaturated ketone (II) recrystallised from light 
petroleum (b. p. 40—60°) as needles (0-3 g.), m. p. 64—66° (lit.,2 71°) (Found: C, 82-7; H, 10-4. 
C,,;H,,0 requires C, 82-9; H, 10-6%). Chromatography of the mother-liquor on alumina and 
elution with 19:1 light petroleum-ether gave a further quantity (0-1 g.). This ketone had 
Ymax. (in Nujol) 1657 (C=O), 1610 (C=C), 1419 (‘‘ perturbed ’’ CH,) cm., and gave a semi- 
carbazone, m. p. 222—-223° (from methanol) (lit.,2 m. p. 212—213°), Amax, 269 my (log ¢ 4-46 
in 95% EtOH). 

Podocarp-8(14)-en-13-ol (111). The «$-unsaturated ketone (0-2 g.) in methanol (10 c.c.) 
was treated with an excess of sodium borohydride, and the mixture was worked up as usual. 
Chromatography on alumina from a light petroleum solution and elution with 1:1 light 


' Schenk, Gutmann, Jeger, and Ruzicka, Helv. Chim. Acta, 1952, 35, 817; 1954, 37, 543. 
* Hosking, Ber., 1936, 69, 780. 

* Grant and Hodges, Tetrahedron, 1960, 8, 261. 

* Jeger, Durst, and Buchi, Helv. Chim. Acta, 1947, 30, 1853. 
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petroleum-—ether gave the axial alcohol, podocarp-8(14)-en-138-ol, m. p. 94—95° (after sublim- 
ation), followed by the 13a-epimer, m. p. 105—106° (after sublimation) (Found: C, 82-0; 
H, 11-1. C,,H,,0 requires C, 82-2; H, 11-4%), vmax, (in Nujol) 3240 (OH), 1655 (C=C), 1002 
(C—O ax) cm.?. 

Podocarpan-13-ol (IV). The a8-unsaturated ketone (II) (0-2 g.) in acetic acid (10 c.c.) was 
hydrogenated over Adams catalyst, 2 mols. being absorbed. Chromatography on alumina 
from a light petroleum solution and elution with 2: 1 light petroleum—ether gave podocarpan- 
138-ol (30 mg.), m. p. 155-5—156-5° (after sublimation), followed by the 13a-alcohol (120 mg.), 
m. p. 90—91° (after sublimation) (Found:- C, 81-8; H, 12-4. C,,H3,0 requires C, 81-5; 
H, 12-1%), Vmax. (in Nujol) 3220 (OH), 1037 (C—O eq) or 999 (C—O ax) cm."}. 

Podocarpan-13-one (V). Podocarpan-138-ol (187 mg.) and chromium trioxide (100 mg.) 
in acetic acid (5 c.c.) were kept at room temperature for 18 hr. and worked up as usual. 
Chromatography on alumina from light petroleum and elution with 3: 1 light petroleum—ether 
gave podocarpan-13-one as needles (120 mg.), m. p. 96—97° [after recrystallisation from light 
petroleum (b. ‘p. 40—60°) and sublimation] (Found: C, 82-4; H, 11-2. C,,H,,O requires 
C, 82-2; H, 11-4%), vmax. (in Nujol) 1716 (C=O), 1423, 1413 (‘‘ perturbed CH,”’) cm.+. The 
semicarbazone had m. p. 197—199° (from methanol) (Found: C, 70-4; H, 9-9; N, 13-7. 
C,,H3,N30 requires C, 70-78; H, 10-2; N, 13-8%). 

Ozonolysis of manool. A stream of ozonised oxygen (2%) was passed through a solution of 
manool (1 g.) in acetic acid (25 c.c.) for 10 min. After decomposition of the ozonides by water 
on a steam-bath (15 min.), the products were adsorbed from light petroleum on alumina 
(50 g.). Elution with light petroleum gave the ketone (VII) (85 mg.) as prisms (from methanol- 
chloroform), m. p. 47-5—48° [Found: C, 82-9; H, 11-5%; M (mass spectrometric) 274 + 2. 
C,,H3,0 requires C, 83/15; H, 11:0%; M, 274], vmx, 1650 (C=O), 990, 923 (CH=CH,) cm.". 
Further elution with benzene-light petroleum (1:3) gave the ketone (VI) as an oil (120 mg.), 
Vmax, 1722 (C=O), 1650 (C=C), 890 (C=CH,) cm.4, whose semicarbazone had m. p. 190—192° 
(lit.,1 m. p. 191-5—193°) (Found: C, 71-2; H, 10-15; N, 13-2. Calc. for C,,H,;,N,O: C, 71-45; 
H, 10-4; N, 13-15%). 


We thank Professor C. Djerassi for determining the rotatory dispersion curves. 


DOMINION LABORATORY, WELLINGTON, NEW ZEALAND. 
CHEMISTRY DEPARTMENT, THE UNIVERSITY OF GLASGOW. (Received, June 24th, 1960.} 


1022. Dialkyldithiocarbamate Complexes of Rheniwm(m1). 
By R. Corton, R. Levitus, and G. WILKINSON. 


DIALKYLDITHIOCARBAMATE complexes are known for many transition metals,! but so far 
no such compounds have been reported for rhenium. Rhenium trichloride in acetone 
solution has been found to react on being shaken with the alkali-metal salts of several 
dialkyldithiocarbamates. The compounds are obtained as stable brown crystals, which 
decompose above 150° without melting, readily soluble in acetone and alcohol, rather less 
soluble in chloroform and nitrobenzene, but insoluble in water, ether, and benzene. We 
have been unable to obtain completely satisfactory molecular weights in solution but the 
products appear to be monomeric. Complexes are formed with the sodium and the 
potassium salts of.dimethyl-, diethyl-, dibutyl-, and pentamethylene-dithiocarbamates 
and have the general formula ReCl,(NR,°CS,). This stoicheiometry is unusual, as most 
tervalent transitional metals give complexes with the general formula M(NR,°CS,)5. The 
rhenium complexes are diamagnetic, non-electrolytes in nitrobenzene, and are best 
formulated as monomeric tetrahedral complexes of rhenium(1) with the d%s-hybridisation 
previously suggested for the (ReCl,]~ ion ® and ReCl,P(C,H;)5.* 


1 Chatt, Duncanson, and Venanzi, Suomen Kem., 1956, 29, B, 75, where references to earlier literature 
are given. 


*? Nyholm, 10° Conseil de 1'Institut International de Chimie, Solvay, 1956. 
* Colton, Levitus, and Wilkinson, /., 1960, 4121. 
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The infrared spectra of the complexes in chloroform solution show a strong peak at 
about 1500 cm. which is probably due to contributions from ionic canonical forms such 

a as that inset. Chatt and his co-workers! have discussed the position of 
Re” "Nox =Nr, this band for a number of transition-metal dialkyldithiocarbamates and 

SY obtained some correlation between the position of the band and the stereo- 
chemistry of the molecules. Thus for tetrahedral complexes the band is at about 1500 
cm., and the present rhenium complexes show a band at the same position. 


Experimental.—Rhenium trichloride * (0-3 g.) was dissolved in acetone (30 ml.), an acetone 
solution of excess of the alkali-metal salt of the dialkyldithiocarbamate (0-003 mole) slowly 
added, and the mixture shaken at room temperature for about an hour. The resultant brown 
solution was filtered from the precipitated alkali halide, and the solvent removed at 0-1 mm./20°. 
The rhenium complex was extracted with chloroform from the residue, which contained the 
excess of the alkali dialkyldithiocarbamate, and the operation repeated twice. 

Typical preparations were diethyl- (Found: C, 14:9; H, 2-5; N, 3-7; Cl, 17-2. 
C;H,,NS,ReCl, requires C, 14-8; H, 2:5; N, 3-5; Cl, 17-56%) and dimethyl-dithiocarbamato- 
rhenium dichloride (Found: C, 9-8; H, 1-8; N, 3-9; Cl, 18-3. C,H,NS,ReCl, requires C, 9-5; 
H, 1-6; N, 3-7; Cl, 18-5%). 


Thanks are due to the Atomic Energy Authority, Harwell (R.C.), and to the Consejo 
Nacional de Investigaciones Cientificas y Tecnicas of the Argentine Republic (R.L.) for 
financial support. 


IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY, 
Lonpon, S.W.7. [Received, July 8th, 1960.] 


* Geilman, Wrigge, and Biltz, Z. anorg. Chem., 1933, 214, 244. 





















































INTERNATIONAL ATOMIC WEIGHTS, 1959. 
Der [Reprinted from the Report of the Commission on Atomic Weights in the Comptes rendus of the 20th 
500 Conference of the International Union of Pure and Applied Chemistry, 1959.) 
Alphabetical order. 
one Atomic Atomic Atomic Atomic 
wly Name. Symbol. No. weight. Name. Symbol. No. weight. 
own Actinium............ Ac 89 — Mercury ...........- Hg 80 200-61 
© Aluminium ......... Al 13 26-98 Molybdenum ...... Mo 42 95-95 
20°. Americium ......... Am 95 aie Neodymium ...... Nd 60 144-27 
the Antimony ......... Sb 51 121-76 WHEE “ecceccccceneshs Ne 10 20-183 
ATQON .e.seeeeeeeeeee Ar 18 39-944 Neptunium ......... Np 93 _ 
7:2 BED swesccvcbove As 33 74-91 } a ee Ni 28 58-71 
gy Astatine ............ At 85 —- Niobium ............ Nb 4l 92-91 
ato- Barium ............ Ba 56-17-36 Nitrogen ........+++. N 7 14-008 
9-5; Berkelium ......... Bk 97 — Nobelium ......... No 102 — 
Beryllium ......... Be 4 9-013 QUE cccccccdcene Os 76 190-2 
BEE assccssninns Bi 83 209-00 ORG. ccccccctsies oO 8 16 
bs BREE -vrccccccestvess B 5 10-82 Palladium ......... Pd 46 106-4 
— Bromine ............ Br 35 79-916 Phosphorus ...... P 15 30-975 
for Cadmium ......... Cd 48 112-41 Platinum ......... Pt 78 =: 195-09 
Caesium .......e000. Cs 55 132-91 Plutonium ......... Pu 94 — 
OO Ca 20 40-08 Polonium..........+. Po 84 — 
Californium......... Cf 98 — Potassium ......... K 19 39-100 
).] COREE | ccccveccotec Cc 6 12-011 Praseodymium ... Pr 59 140-92 
Sree Ce 58 140-13 Promethium ...... Pm 61 _— 
Chlorine ............ Cl 17 35-457 Protactinium ...... Pa 91 — 
Chromium ......... Cr 24 52-01 Radium ............ Ra 88 — 
EIN S Scencessceddec Co 27 58-94 ) | eS HS Rn 86 + 
Copper  ...eseceeeee Cu 29 63-54 Rhenium _......... Re 75 186-22 
SAMEEIEE + coneosedsese Cm 96 — Rhodium ......... Rh 45 102-91 
Dysprosium ...... Dy 66 162-51 Rubidium ......... Rb 37 85-48 
Einsteinium ...... Es 99 a Ruthenium ...... Ru 44 101-1 
Co ea Er 68 167-27 Samarium ......... Sm 62 150-35 
Europium ......... Eu 63 152-0 Scandium ......... Sc 21 44-96 
Fermium ......... Fm 100 — Selenium _........+ Se 34 78-96 
Fluorine ............ F 9 19-00 eer Si 14 28-09 
Francium ......... Fr 87 -— SERVE cccccccccesvsns Ag 47 107-880 
Gadolinium ...... Gd 64 157-26 Sodium ..........0 Na ll 22-991 
eer Ga 31 69-72 Strontium ......... Sr 38 87-63 
Germanium ...... Ge 32 72-60 Sulphur ............ SS) 16 32-066 * 
SEE. sansetescoscce Au 79 197-0 Tantalum ......... Ta 73 180-95 
FEAIMIGM ....ccecser. Hf 72 178-50 Technetium ...... Te 43 —- 
TEOINETR — ccpcccctsecs He 2 4-003 Tellurium ......... Te 52 127-61 
Holmium............ Ho 67 164-94 Terbium ............ Tb 65 158-93 
Hydrogen ......... H 1 1-0080 Thallium ............ Tl 81 204-39 
TRGIBTA cccccvececes In 49 114-82 TROTTED cccccccccses Th 90 232-05 
BOUND Secccccccocsees I 53 126-91 Thulium ..........++ Tm 69 168-94 
BI. séscvscusiee Ir 77 192-2 TER cacecccavccosscees Sn 50 118-70 
RIE cccttansnesabsese Fe 26 55-85 Titanium ......... Ti 22 47-90 
Krypton .........04. Kr 36 83-80 Tungsten ......... Ww 74 183-86 
Lanthanum......... La 57 138-92 Uranium ............ U 92 238-07 
TUE” acccrcqnecienre Pb 82 207-21 Vanadium ......... bs 23 50-95 
BAEMEER scccscoceece Li 3 6-940 , CC eae Xe 54 131-30 
Lutetium........... ‘Lu 71 174-99 Ytterbium ......... Yb 70 173-04 
Magnesium ......... Mg 12 24:32 VRREIREE cc cccscessee b 3 39 88-92 
Manganese ......... Mn 25 54-94 t y | A eee Zn 30 65-38 
Mendelevium ...... Md 101 “= Zirconium ......... Zr 40 91-22 


* Because of natural variations in the relative abundance of the isotopes of sulphur the atomic 
weight of this element haga range of +0-003. 


INTERNATIONAL ATOMIC WEIGHTS, 1959. 


Order of atomic numbers. 


Atomic Atomic Atomic Atomic 
No. Name. Symbol. weight. No. Name. Symbol. weight. 
1 Hydrogen H 1-0080 52 Tellurium Te 127-61 
2 Helium He 4-003 53 Iodine I 126-91 
54 Xenon Xe 131-30 
3 Lithium Li 6-940 
4 Beryllium Be 9-013 55 Casium Cs 132-91 
5 Boron B 10-82 56 Barium Ba 137-36 
6 Carbon Cc 12-011 57 Lanthanum La 138-92 
7 Nitrogen N 14-008 58 Cerium Ce 140-13 
8 Oxygen O 16 59 Praseodymium Pr 140-92 
9 Fluorine F 19-00 60 Neodymium Nd 144-27 
10 Neon Ne 20-183 61 Promethium Pm — 
62 Samarium Sm 150-35 
11 Sodium Na 22-991 63 Europium Eu 152-0 
12 Magnesium Mg 24-32 64 Gadolinium Gd 157-26 
/ 13 Aluminium Al 26-98 65 Terbium Tb 158-93 
14 Silicon Si 28-09 66 Dysprosium Dy 162-51 
| 15 Phosphorus ig 30-975 67 Holmium Ho 164-94 
: 16 Sulphur S 32-066 * 68 Erbium Er 167-27 
| 17 Chlorine Cl 35-457 
i 18 Argon Ar 39-944 69 ° Thulium Tm 168-94 
i 70 Ytterbium Yb 173-04 
| 19 Potassium K 39-100 71 Lutetium Lu 174-99 
| 20 Calcium Ca 40-08 72 Hafnium Hf 178-50 
: 21 Scandium Sc 44-96 .73 Tantalum Ta 180-95 
: 22 Titanium Ti 47-90 74 Tungsten Ww 183-86 
23 Vanadium Vv 50-95 75 Rhenium Re 186-22 
' 24 Chromium Cr 52-01 76 Osmium Os 190-2 
: 25 Manganese Mn 54-94 77 Iridium Ir 192-2 
26 Iron Fe 55-85 78 Platinum Pt 195-09 
27 Cobalt Co 58-94 79 Gold Au 197-0 
| 28 Nickel Ni 58-71 80 Mercury Hg 200-61 
29 Copper Cu 63-54 81 Thallium Tl 204-39 
| 30 Zinc Zn 65-38 82 Lead Pb 207-21 
31 Gallium Ga 69-72 83 Bismuth Bi 209-00 
32 Germanium Ge 72-60 84 Polonium Po — 
33 Arsenic As 74-91 85 Astatine At — 
34 Selenium Se 78-96 86 Radon Rn -= 
35 Bromine Br 79-916 
36 Krypton Kr 83-80 87 Francium Fr _ 
88 Radium Ra -= 
37 Rubidium Rb 85-48 89 Actinium Ac — 
38 Strontium Sr 87-63 90 Thorium Th 232-05 
39 Yttrium Y 88-92 91 Protactinium Pa — 
40 Zirconium Zr 91-22 92 Uranium U 238-07 
41 Niobium Nb 92-91 93 Neptunium Np — 
42 Molybdenum Mo 95-95 94 Plutonium Pu _— 
43 Technetium Tec — 95 Americium Am — 
44 Ruthenium Ru 101-1 96 Curium Cm a 
45 Rhodium Rh 102-91 97 Berkelium Bk — 
46 Palladium Pd 106-4 98 Californium Cf — 
47 Silver Ag 107-880 99 Einsteinium Es aa 
48 Cadmium Cd 112-41 100 Fermium Fm ~- 
49 Indium In 114-82 101 Mendelevium Md — 
50 Tin Sn 118-70 102 Nobelium No — 
51 Antimony Sb 121-76 


* Because of natural variations in the relative abundance of the isotopes of sulphur the atomic 
weight of this element has a range of +0-003. 
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4838. 
elles versicolor (Vuillemin) Tiraboschi, a metabolite of, 






2587, 2169. 

indole agjfispidospermine, constitution. Part IV, 1463. 
|-)-Aspidospermine, N(b)-methiodide of, crystal structure, 

m in lignid} 1458. 


mn, molecular, and viscosity. Part 11], 4906. 

isterric acid, a metabolic product of Aspergillus terreus Thom., 
b. 4838. 
‘ symmetric synthesis, partial, of 8-hydroxy-acids. Part I, 
adation of} 931. 
Atomic weights, 1959, 5277. 
8, 1036, |Avieennin, a coumarin from the bark of Zanthorylum avicennae, 
yl, Prep, 4654. 
Asadibenzofluorenes and related compounds, 4500. 
“Againdoles ’. See Diazaindenes. 
f, 3070, {9-Asa-10-phosphaphenanthrene, (-+-)- and (—)-10-p-dimethy]l- 
amino-9,10-dihydro-, prep., 5034. 
osition of}t-Asapurines, 9-dialkylaminoalkyl-, prep., 327. 
Asides, organic, reactions of. Part 1X, 2098. 
polar sub-JAsobenzenes, substituted, dipole moments and sorption 
characteristics at the solution—solid interface of, 5127. 
28, 2161, |Aso-compounds, effect of substituents on the reduction of, 
1854. 
methanoli|Asulenes, condensation of, with homocyclic and heterocyclic 

aromatic aldehydes in perchloric acid, 494. 

derivatives of, 62. ‘ 


3. Azulenemetal carbonyls, 4290. 
Ss tempen. 

B 
nd photo. 


Bacopa monnieri (L) Pennell, constituents of, 2783. 

ictance in (Bacteria, chemistry of. Part VIII, 2292. 

{Barium chloride—chlorine—water system, equilibria of, 3162. 

ym position, | Bases, cyclic, stereochemical investigation of. Parts V, VI, 
945, 1575. 

nitrogen-containing, reaction with aromatic polyfluoro- 

1413, compounds, 1768. 

tertiary, from Chondrodendron tomentosum, 2402. 

Basicity, infrared spectra, and structures of triphenylamine 

, 1125, | and tri-p-tolylamine, 46. 

| ,2-dihydr-} Basicities, of (amino- and _ nitro-phenyl)-pyridines and 

7. -pyridine 1-oxides, 1511. 

. Part |} of 4-styryl- and 4-phenylethynyl-pyridines, 1516. 

—— polyacetylenic decane derivatives from, 


| potential. poe B-batyl alcohols, and derivatives of, melting point 
350 


Bensaldehyde ‘‘ nitrogen mustard ’’ in the Knoevenagel re- 
of, Pars} action, 5271. 

Benzamides, ’-acyl-, alkaline hydrolysis, 2957. 
N-chloro-N-methyl-, interaction with p-nitrophenoxide ion, 
s, 4395. 3717. 

Benzanilides, N-acyl-, alkaline hydrolysis and behaviour in 
crepanei,§ sulphuric acid, 2957. 

non-empirical molecular-orbital calculations on, 156. 


8. stable adduct with maleic anhydride, 4791. 
5 of, 4048 [Benzene, p-diacetyl-, pyrolytic formation of, 902. 
butyl-, pyrolysis of, 4420. 


% t-butyl, bromination of, 1958. 
chloro-, arylation with para-substituted aryl radicals, 
ular ali 3782, 


_ | L2-epoxyethyl-, reaction with benzylamirte, 3497. 

m iodik ethyl-, pyrolysis of, 4420. 

J iodo-, liquid-phase photolysis of, 1788. 

nplexes¢§ effect of m-dinitrated diluents on the self-condensation 
of, in the Ullmann reaction, 574. 

lenum, if reaction with copper, influence of diluents on, 581. 

f methyl, pyrolysis of, 4420. 

lium, #§ hexamethyl-, complexes of, with polynitrobenzenes, 1075. 
nitro-, arylation with para-substituted ary] radicals, 3782. 
mn of PI o- and p-dinitro-, improved prep., 894. 

Propyl-, pyrolysis of, 4420. 
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Benzenes, ortho-disubstituted, condensation with chlorotri- 


phenylmethane, 325. 

monoalkyl-, prep., 1254. 

mono- and di-methoxy-, -acetoxy-, arid -ethoxycarbony]l-, 
molar Kerr constants of, 3173. 

methyl- and substituted methyl-, persulphate oxidation of, 


1332. 
methylthiomethyl-, substituted, reaction with methyl 
iodide, 4747. 
nitro-, ortho-substituted, substituent interactions in. Parts 
I—III, 3462, 3466, 3470. 
polynitro-, complexes of with hexamethylb , 1075. 
Benzenoid and heteroaromatic six-membered monocyclic 
nuclei, infrared absorption of. Part X, 2947. 
Benzidine-3,3’-dicarboxylic acid as redox indicator, 4225. 
Benzidine-3,3’-disulphonic acid as redox indicator, 4225. 
Benzidines, substituted, and related compounds, as reagents 
in analytical chemistry. Part XVI, 4225. 
Benzilic acid rearrangement of glyoxal, influence of cations on, 
1944, 
Benzimidazole, 4,5-bistrifluoromethyl-, prep., 4003. 
Benzimidazoles, substituted, N-methylation orientation in, 
1363. 
Benzimidazolines, 2-oxo-, N-substituted, prep., 314. 
Benz[cd}indole, 2-methylthio-, and methiodide, prep., 1537. 
Benzoates, alkyl p-phenylazo-, prep. and light-sensitivity, 
3528. 
Benzo{c]|cinnolines, non-planar, prep., 3216. 
1,2-B yclohepta-1,3-diene-4-acetate-3-8-propionate,  di- 
ethyl, prep., 643. . 
3’,4’,5’-trimethoxy-analogue, prep., 643. 
Benzo[k]}fiuoranthene, 8-methyl-, prep., 536. 
Benzofuran, 2-p-nitrophenyl-, prep., 1954. 
Benzoic acid, p-methoxydiphenylmethyl ester, kinetics of 
alkyl—oxygen fission in hydrolysis of, 467. 








Benzoic acids, effect of pressure on ionization of, 247. 


p-n-alkoxy-, X-ray study of, 2517. 
p-NN-dialkylsulphamoy]-, prep., 1408. 

Benzoin, condensation of, with 3-chloropropane-1,2-diol and 
2,3-epoxypropy! chloride, 1048. 

Benzophenone, monosodium-, polymerisation of acrylonitrile 

and methyl methacrylate with, 3357. 

4,4’-diamino-2,2’-dihydroxy-, prep., 1618. 
peroxide, decomposition of, 4897. 

Benzophenones, 2-phthalimido-, reaction with hydrazine, 
1857 


Benz{5,6]-[1,4]-oxazino[2,3-a]phenoxazine from o-nitrophenol, 
2779. 


Benzo(g|pteridines, 10-glycityl-, prep., 5041. 
1,2-Benzoquinone, tetrachloro-, dehydrogenation of 1,1-di- 
substituted 1,2-dihydronaphthalenes and tetralins by, 3133. 
p-Benzoquinone, dehydrogenation of coals with, 5020. 
1,4-Benzoquinone, 2,3-dichloro-5,6-dicyano-, cyclodehydrogen- 
ation of acids and alcohols by, 3138. 
cyclodehydrogenation of 2-diphenylmethylstyrene by, 
3144. 


Benzoquinones, 2’-indolyl-, prep., 360. 

Benzo-1,4-thiazines, 2-arylidene-3,4-dihydro-3-oxo-, prep., 
4703. 

Benzo-1,2,3-triazoles, vibrational frequencies in, 3653. 

Be xan, prep., and examples of complex-formation 
by, 4710. 

Benzoxanthone, prep. from y-oxo-y-2-xanthenylbutyric acid, 
2556. 

Benzoylation of substituted anilines, and effects of polar sub- 
stituents on the heat of reaction, 4992. 

Benzoyl peroxide, decomposition in the presence of chloride 
ions, 4490. 

Benzyl bromide, «-cyano-, reaction with nucleophilic reagents, 

56 


456. 

esters, «-substituted, competitive routes in pyrolysis of, 
4141. 

nitrite, pyrolyses, benzyloxy] radicals in, 3932. 

phenyl ether, thermal rearrangement of, 1286. 

radicals, reaction with aromatic nitro-compounds, 1653. 
from di-(9-benzyl-9-fluorenyl) peroxide, 3203. 

Benzylamine, mechanism of reactions with 1,2-epoxyethyl- 
benzene, 1,2-epoxy-3-phenylpropane, and _ 1,2-epoxy-3- 
phenoxypropane, 3497. 
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Benzyloxyl radicals in benzyl] nitrite pyrolyses, 3932. 

Benzyne, addition to indeno[2,1-a]perinaphthene, 663. 

Biacetyl, action of alkali on, 683. 

Bicyclo[5,3,0]decen-2-ones, dimethyl-, prep., 62. 

Bicyclo{2,2,1 |heptadiene, in the Diels—Alder reaction, 473. 

Bicyclo[2,2,2]joctane, vibrational spectrum, 4169. 

Binaphthyls, cyclodehydrogenation and isomerisation reactions 
of, 1689. 

Biosynthesis, studies in relation to. Parts XXII, XXIII, 
866, 4395. 

Biphenyl, and o-halogenated biphenyls, activation energies 

for the inversion of, 1055. 
2-amino-, Skraup reaction with, 905. 
4-(bicyclohex-1l-en-2-yl)-, cyclodehydrogenation, 4522. 
2,4,2’,4’-tetramethyl-, derivatives of, 4587. 
2,4-dinitro-, and related compounds, atypical products of 
the syntheses of, in the Ullmann reaction, 566. 

Biphenyls, 2,2’-bridged with a heterocyclic bridging ring, steric 
effects in. Part III, 4165. 

Biphenyl [Diphenyl!] series, orientation effects in. Part XV, 
4587. 


Biphenyl-4,4’-dicarboxylic acid, 2,2’-dibromo-, activation 
energy and entropy in racemisation of, 1905. 

2,2’-Biphenylenehalonium salts, 4136. 

2,2’-Bipyridyl, stereochemistry of the bridged quaternary salts, 
2498. 


Bismuth-tervalent bismuth exchange reaction, reactivity of 
anions towards electron transfer in, 2151. 
2,2’-Bitolyl, derivatives of, 4587. 
Biuret complexes of bivalent metal chlorides, 1952. 
7-Bonding in tetrahedral complexes, 5269. 
Bonds, calculated length of. in cyclic compounds. Part VII, 
4851. 
energies of, and heats of formation. Parts II-IV, 1622, 
3284, 4649. 
aryl-metal, relative cleavage rates, 1566. 
carbon-carbon, fission during oxidations of 2-pheny]l- 
ethanol and «-t-butylbenzyl alcohol, 2772. 
double and triple, effect of aryl and heteroaryl groups on 
the intensities of the infrared stretching bands, 1519. 
metal-metal, energy in decacarbonyldimanganese, 533. 
Pt-C, influence of ligands on strength of, 2047. 
Bodphone disticha, Herb., alkaloids of, 1094. 
9b-Boraphenalene, perhydro-, prep. and reactions, 2922. 
Borazole, chemistry related to. Parts I, II, 4028, 5168. 
Boron—carbon heterocyclic compounds. Part I, 2922. 
Boron, compounds containing t- and iso-butyl groups, proton 
magnetic resonance spectra, 1040. 
aromatic compounds of, prep. and structure, 191. 
tribromide for dealkylation and deacylation of carbo- 
hydrate derivatives, 2929. 
pyridine and piperidine complexes with, heats of formation, 
1141. 


chlorides, interaction with dialkyl or diaryl hydrogen 
phosphites, 4037. 
trichloride, complexes with primary aromatic amines, 4028. 
complexes with pyridine and piperidine, 1130. 
complexes with pyridine and piperidine, heats of form- 
ation, 1141. 
co-ordination compounds with nitriles, 2178. 
for dealkylation and deacylation of carbohydrate deriv- 
atives, 2929. 
infrared spectra of complexes with nitriles, 2182. 
infrared spectra of compounds of, 2339. 
interaction with trialkyl phosphites, 3170. 
mechanism of reaction with cyclic acetals of hexitols, 
2851. 
reaction with alkoxysilanes, 4701. 
reaction with secondary amines, 5168. 
thermochemistry of systems with acetone and acetyl 
chloride, 356. 
trifluoride, complexes with primary aromatic amines, 4028. 
infrared spectra of compounds of, 2339. 
halides, interaction with amides and oximes, 2141. 
trihalides, interaction with aryl phosphates and phosphoro- 
chloridates, 726. 
hydride, derivatives of. Parts II-VI, 424, 430, 5006, 5012, 
5016. 
Alkylboron chlorides, reaction with propionic acid, 5264. 





| Carbohydrates, fluoro-. Parts IT, IIT, 106, 298. 


iw 
eed 


Boron, Ammonia-trimethylboron, reaction with potassium ’ 
liquid ammonia, 2695. 
Boric acid, ethylene derivatives, experiments with, 667, 
ethylene and o-phenylene derivatives, infrared 8peetn, 
380 


tetra(hydrogen sulphato)-, conductivity of solution 
sulphuric acid, 4315. 
Boron-nitrogen compounds, open-chain, infrared spectra, 
5239. 
Decaborane, electrophilic substitution in, 430. 
Friedel-Crafts methylation of, 5006. 
Grignard reagent, 5016. 
nucleophilic substitution in, 5012. 
Decaboranes, ethylated, separation and identification of, 4, 
Diborane, reaction with volatile cyanides, 2614. 
Diboron tetrachloride-olefin compounds. Parts J, I], 4) 
2075. 
Diboron tetrachloride-ethylene, decomposition of, 2075, 
adducts with ammonia and methylamines, 43. 
Pentaborane, electrophilic substitution in, 430. 
Pentaboranes, ethylated, separation and identification 
424. 
Phenylboron dichloride, prep., 4916. 
Potassium aminotrimethylborate, 2695. 
Tetrachloroborates, prep. and infrared spectra, 1772, 
Tri-n-butyl borate, reactivity with certain chlorides, 316g, 
Borosiloxanes, poly-, prep. and irradiation, 2252. 
9,10-Boroxarophenanthrenes, substituted, prep., 1344. 
Bromide substitution of the hexachloro-octa-y-chlorohen. 
molybdate(1) ion, 3106. 
Bromination of t-butylbenzene, 1958. 
of cyclic acetals, 1682. 
of quinoline and its derivatives in the 5- and 8-positions, i), 
Buffers, acetate, oxygen exchange in, 304. 
Buphanitine, structure, 1097. 
Buta-1,3-diene, pyrolysis alone and mixed with pyrene, 443), 
1-phenyl-, pyrolysis at 550°, 4427. 
Butanai; heat of combustion, 2377. 
Butane, 2,3-diamino- (racemic), dissociation of comple! 
with nickel(1), 2901. 
Butane-1,2,3-triols, 4,4,4-trifluoro-, isomeric, prep., 4644, 
n-Butanol, desorption of, from metal oxides, 1840. 
Butan-2-ol, reactions in dilute acid, 4203. 
t-Butanol, desorption of, from metal oxides, 1840. 
Butan-2-one, trans-dimeric 3-methyl-3-nitroso-, kinetic a 
structural studies of, 376. 
1-(1-methylpyrrolid-3-yl)-1,1-diphenyl-, 2780. 
n-Butene, reactions in dilute acid, 4203. 
But-3-en-2-ol, (— )-3-methy]-4-phenyl-, asymmetric hydrogen 
ation of, 1195. 
Butyl. See also n-butyl, s-butyl, t-butyl. 
Butyl groups, t- and iso-, in boron compounds, proton magoeik} 
resonance spectra, 1040. 
Butyric acid, 8-hydroxy-f-phenyl-, partial asymmetric pry, 
931. 


Butyric acids, yyy-trifluoro-«8-dihydroxy-, isomeric, pip, 
4644. 


c 


Calabash curare, alkaloids of. Parts I, II, 736, 1848. 
Calciferol and its relatives. Part V, 5176. 
Calcium, oxidation in dry oxygen, 712. 
Calcium chloride—chlorine—-water system, equilibrium of, sf 
Calycotomine, correlation of the absolute configuration of, 
Camphor, 3-hydroxymethylene-, action of the methyl Gri 
reagent on, 896. : 
Carbamates, N-substituted N-chloroacyl-, prep. of 3-sub, 
tuted oxazolid-2,4-diones from, 983. 
Carbazole, reduction by metal—ammonia solutions, 4609. 
Carbohydrate derivatives, dealkylation and deacylation 
with boron trichloride and boron tribromide, 2929. 
osotriazole formation. Part VI, 3993. 
Carbohydrates, episulphides, prep., 1024. 
infrared spectra. Part VIII, 4565. 
nitrates and sulphonates, infrared spectra, 953. 
radiation chemistry of. Parts 11I —VI, 754, 762, 3398, 
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(arbohydrate-metabolising enzymes. Part IV, 2602. 
(arbon atom, saturated, mechanism of substitution at. 
Parts LX, LXI, 806, 4400. 
(arbon monoxide, elimination from acid derivatives. Part I, 
372. 
tetrachloride, addition to aldrin, 3669. 
solubility behaviour of aromatic hydrocarbons in, 2485. 
tes, cyclic organic, mechanism of hydrolysis of: tracer 
studies, 3079. 
ic. Parts, V, VI, 3079, 3082. 
scbstituted cyclic «B- and ay-, rates of alkaline hydrolysis of, 
3082 


(arbonium ion, ethyl-, and its methyl-deuterated analogue, 
LCAO-MO treatment of, 630. 
(arbonyl compounds, polarographic reduction in dimethy]l- 
formamide in presence of proton donors, 385. 
groups, kinetics and mechanisms of condensations with 
methylene groups (“‘ carbonyl-methylene condens- 
ations”’). Parts VI—IX, 2020, 2025, 2030, 2038. 
in solvent extracts of coals, 394. 
(arbonyls, ditertiary arsine, of chromium, molybdenum, and 
n, 1803. 
metal, complexes wich azulenes, 4290. 
substituted group VI. Parts I, II, 1803, 1806. 
Tricarbonylchromium derivatives of aromatic compounds: 
some discrepancies, 469. 
(arboxyl group, submicro-determination of, 3830. 
Carcinogens, sper arn? ip 3643. 
Carotenoids and related compounds, nuclear magnetic reson- 
ance spectra of methyl groups in, 2870. 
Catalysis, electrophilic, in nucleophilic substitution and 
elimination. Part II, 1972. 
heterogeneous, by metals, of electron-transfer reactions. in 
solution, 3678. 
by hydrogen halides in the gas phase. Parts II —IV, 3087, 
3090, 3920. 
Catalysts, activated metal, synthetical applications of. Parts 
VIII —X1I, 526, 1658, 2969, 4438. 
free-radical, for polymerisation, rates of decomposition of, 
4023 


Raney, toxic effects of pyridine and 2,2’-bipyridy] on, 4439. 
Catechin and epicatechin, relative configurations, 2433. 
Cation-exchange resins from the acid condensation of phenol- 

sulphonic acid with formaldehyde, 4820. 

Cativie acid, 6-oxo- (6-oxolabd-7-en-15-oic acid), isolation of, 

1324. 


Caulerpa filiformis, a glucan of amylopectin type from, 2381. 
Cellobiose, acetobromo-, hydrolysis of, 616. 

hepta-acetates, isolation and properties of two new, 616. 
= competing reactions in the alkaline degradation of, 


periodate-oxidised, infrared spectra, 3147. 

Cephalin, 8-batyl analogue of, prep., 350. 

Cephalins, prep., 4232. 

Cerium(tv), oxidation of alcohols and glycols by, 2767. 

Chakranine, identity with isocorydine methochloride, 1950. 

Chelating reactions of 1,2-dihydroxyanthraquinon-3-ylmethy]l- 
amine-NN-diacetic acid with metal cations in aqueous 
media, 4477. 

Chemical constitution and physical properties. Parts 
XXVIII —XXXI, 4454, 4719, 4723, 4728. 

paramecium, molecular structure of a starch-type 

polysaccharide from, 556. : 

— _ B-chimyl alcohols, derivatives of, melting point 


Chlorination of cyclic acetals, 1682. 
exchange of, between antimony trichloride and tri- 
methylchlorosilane. Part I, apparatus and techniques, 
703. Part II, exchange kinetics and méchanism, 708. 
Chlorine acetate, chlorination by, in slightly aqueous acetic 
acid, 4039. 
Chloride exchange of the hexachloro-octa-y,-chlorohexa- 
molybdate(1) ion, 3106. 
Hydrogen chloride, liquid, neutralisation reactions in, and 
applications in preparative work, 2332. 
Hypochlorous acid, chlorination by mixtures of acetic acid 
with, 4044. 
oric acid, anhydrous, reactions of, 648. 
Tetrachlorophosphonium pentachlorofluorophosphate, 4126. 





-Cholestane, 6a-chloro- and 6a-bromo-, prep., 4874. 
68-chloro- and 68-bromo-, prep., 4864. 
5a- and 58-Cholestane, N-methy]-4-aza-, exhaustive methy]- 
ation of, 945. . 
Cholestanes, amino-, basic strengths, 2343. 
5a-Cholestan-6-one, 3f8-hydroxy-, reaction with methyl- 
magnesium iodide, 4707. 
Cholesteryl iodide, acetolysis of, 4857. 
Choline chloride, physical properties of aqueous solutions at 
25°, 4914. 
Chondrodendron tomentosum, tertiary bases from, 2402. 
Chroman, 2-methoxy-2,4-diphenyl-, prep., 5148. 
Chromatography, gas, separating power and efficiency of 
columns in, 1268. 
gas-liquid, adsorptive properties of firebrick in relation to 
its use in, 2444, 
reversed-phase, separation of fatty acids by, empirical 
approach and mathematical treatment, 5050. 
Chromen, 2,2-diphenyl- and 2,2-dimethyl-, dimerisation of. 
Part I, 602. 
Chromens and naphthopyrans, reaction with bromine. Part I, 
3094 


Chromium, ditertiary arsine complexes of, 1803. 
Chromium(v1), oxidation of alcohols and glycols by, 2767. 
Chromium(v1) oxide, in oxidations of branched-chain hydro- 

carbons, 215. 
oxidation of saturated hydrocarbons by, 680. 
Tricarbonylchromium derivatives of aromatic compounds: 
some discrepancies, 469. 

Chromobacterium violaceum, pigments from, ‘2292. 

Chromone, 7-chloro-, prep., 1279. 
5’,6’-dihydropyrano(2’,3’:7,6)-, and its 2-substituted deriv- 

atives, 1956. 

Chromones, prep., 26. 
and flavones. Part IJ, 3899. 

Chrysene, hydro-, prep. of derivatives, 1571. 

Chymotrypsin, some acetylserine peptides related to the active 
centre of, 3328. 

Cinnoline, polycyclic derivatives of. Parts ITI-V, 3216, 3643, 
3646. 


Citric acid, complex formed with uranium(rv), 4846. 
‘* Citrylidene-malonic acid’’: from condensation of citral 
with malonic acid, 3734. 
Coal samples, hydrogen resonance spectra at low temperatures, 
9 


Coals, dehydrogenation with p-benzoquinone, 5020. 

investigation of carbonyl groups in solvent extracts of, 
394. 
Cobalt carbonyls, infrared spectra and structures, 1882. 
dithizone complexes of, 2814. 
Azidobis(ethylenediamine)cobalt(m) salts, aquation and 
basic hydrolysis of, 4803; prep., 4812. 

Bis(triphenylphosphine oxide)dinitrato-complexes of co- 
balt(1), 2276. 

Chloro- and _bromo-isothiocyanatobisethylenediamine- 
cobalt(m) salts, aquation of, 4275. 

Cobalt(11), chelation with histamine and analogues, 2398. 

Cobalt(m), complexes with dimethyl-o-methylthiopheny]- 
arsine, 97. 

Cobalt(m1), oxidation of metal ions by, in aqueous perchloric 
acid, 31. 

Cobalt(m1) complex, interaction with cyanide and hydroxy] 
ions, 2782. 

Cobalt(m1) complexes with N-substituted salicylideneimines, 
4944 


Cobalt(m) ethylenediamine complexes, infrared spectra. 
Part I, 4369. 
Cobaltic porphyrin complexes, prep., 2979. 
Ethylenediaminetetra-acetatocobalt(m), equilibria and 
kinetics in solutions of, 1998. 
Codeine, oxidation products, 4139. 
14-hydroxy-, reactions of, 773. 
Colchicine, synthetical studies relating to. Part II, 643. 
Colour of organic compounds. Part IX, 4244. 
Complexes, halogeno-, relative stabilities of. Part I, 3431. 
metal, factors influencing rates of dissociation of. Parts II, 
ITT, 2895, 2901. 
metallic, of dimethyl-o-methylthiophenylarsine. Part V, 
3181. 
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Complexes, metal-olefin, nuclear magnetic resonance and 
infrared spectroscopy, 2519. 
tetrahedral, 7-bonding in, 5269. 
Complex-forming agents for metals, organic. Part IV, 2369. 
Conductance, of solutions in which the solvent molecule is 
» ” Parts V, VI, 1671, 1679. 
in triethyl phosphite, 3161. 
Conduction, proton-transfer, by HSO,~ and H,SO,* ions, 4327. 
Conductivities of electrolyte solutions in sulphuric acid, 4315. 
of substances in liquid hydrogen chloride, 2329. 
molar, of acids oul bases, 4327. 
Conessine, isolation from Holarrhena mitis R.Br., 2368. 
Confertifolin, constitution and stereochemistry, 4685. 


Configurations, absolute, correlation of, of salsolidine, salsoline, | 


and calycotomine, 1214. 

Conformation and reactivity. Parts I, Il, 1413, 3634. 

Conjugated systems, interaction at a distance in. Parts I—V, 
1511, 1516, 1519, 2954, 4901. 

Co-ordinates, out-of-plane, for the vibrations of planar aromatic 
molecules, 4948. 

Copper, chelation with histamine and structural analogues, 

2398. 


complexes and nitrobenzoyl chlorides, prep. of 8-diketones 
from, 670 
co-ordination compounds of, colour isomerism and structure. 
Parts III, IV, 2639, 2644. 
reaction with nitrosyl] perchlorate, 3705. 
nitrate, addition compound with dinitrogen tetroxide, 
thermal stability and solution properties, 1468. 
anhydrous, solution properties in ethyl acetate, methyl 
cyanide, and nitromethane, 4308. 
Bis(triphenylphosphine oxide)dinitrato-complexes of cop- 
per(1r), 2276. 
Copper-triphosphate complexes, ion-exchange and pH 
studies of, 460. 
Copper(1) ion, hydrolysis of, 3189. 
Cupric salts, oxidations of organic compounds by. Part I, 
2392. 
Cuprous iodide-methyl isocyanide complex, crystal struc- 
ture, 2303. 
NN’-Disalicylidene-eth ylenediaminecopper, structure, 2644. 
NN’-Disalicylidenepropane-1,2-diaminecopper mono- 
hydrate, structure, 2639. 
ae Lar kinetics of decomposition in ethanol, 4162. 
Methylcopper(1), properties and reactions, 3926. 
(Methyl Goevyantdejeoppentt) iedide, prep., 2095. 
Tetrakis(triphenylphosphine)copper(1) complexes, 5267. 
Corrin, pentadehydro-, metal derivatives of, prep., 1649. 
Corrole, metal derivatives of, prep., 1649. 
Coumarin, a (avicennin), from the bark of Zanthorylum 
avicennae, 
Coupling, of quaternary thiazolium salts with p-nitrobenzene- 
onium chloride, 963. 
Cracking of ethane at high temperature, 4443. 
Cresols, pure, prep. and physical properties, 5246. 
Crotonaldehyde, gas-phase oxidation of, 2750. 
Crotonates, ethyl £-chloro-, displacement reactions with 
nucleophiles, 2349. 
methyl, infrared spectra, 3681. 
Crotonic acids, substituted y-methoxy-, and esters, prep., 1262. 
Cryoscopy, in anhydrous sulphuric acid, in the study of ‘amide 
hydrolysis, 545. 
of solutions in sulphuric acid by an equilibrium method, 814. 
mono-, intensity of ultraviolet-light absorption by. 
Part IV, 5206. 
organic, photo- and semi-conductance of. Parts VI-IX, 
5179, 5186, 5192, 5200. 
Crystal structure, of thioacetamide, 997. 
Cucurbitaceae, bitter principles of. Parts IX, X, 4779, 4787. 
Cucurbitacin A, 4779. 
Cucurbitacin C, 4787. 
Current-voltage curves, for complex electrode processes, 1175. 
Cyanides, complex, of iron(m) and molybdenum(m), decom- 
position of, 730. 
of rhenium, 1374. 
Cyanine bases, from 3,3-dimethyl-2-methylthio-3H-indole, 
1529. 
Cyanides, prep. and electronic absorption spectra of homo- 
logous series of, 3812. 





Cyanoacetamide, reaction with aromatic aldehydes in ethanol 
and water, 

Cyanoacetic acid, ethyl ester, reaction with aromatic aldehydes, 
2030. 


Cyclic compounds, characterisation by molecular refractivitieg 
4135 


reduced. Part IX, 5219. 
Cyclisation, of w-bromo-carboxyamides, 255. 
Cycloalkanes, influence of structure on the rate of oxidation of, 
3098. 


benzyl-, prep., 903. 
nitro-, ring enlargement in the reduction of, 1187. 
Cyclodehydration of arylidene-«-tetralones, 2690. 
Cycl ydr tion of acids and alcohols by dichlorodi. 
cyanobenzoquinone, 3138. 
of 2-diphenylmethylstyrene, 3144. 
of oo’-quaterphenyl and 4-(bicyclohex-1-en-2-yl)biphenyl, 
4522. 





cis- and trans-3,4-Cycloheptanopiperidine and related com. 
__ pounds, prep., 3445. 
photochemical cleavage of, 1. 
Gyelehouane, effect of quinones on y-irradiation of, 2225, 
1-methylene-4-t-butyl-, 3892. 
reaction with lead tetra-acetate, 3895. 
Cyclohexanes, fluoro-. Part VI, 3800. 
hexa- and penta-fluoro-, dehydrofluorination, 3800. 
Cyclohexanecarboxylic acids, methy] esters, kinetics of alkaline 
hydrolysis, 1413. 
4-t-butyl-, methyl esters, kinetics of alkaline hydrolysis, 
1413. 
Cyclohexane-1,2-diol, cis- and trans-, reactions with simple 
aldehydes, 1778. 
Cyclohexane-1,2-diols, cyclic sulphates of, acidic and basic 
hydrolysis, 201. 
Cyclohexanols, me acetates of, kinetics of the alkaline 
hydrolysis of, 3634. 
1-methy]-4- t-butyl-, epimeric, 3892. 
Pree * fen base-catalysed rearrangement of, 1639, 
6-acetyl-, prep. and reactions, 1625. 
6-acyl-, hydrolysis of, 1639. 
— phosphate, dibenzy] trans-2-hydroxy-, solvolysis of, 


Gailiedateaen, bonding of, to metal atoms (theory), 400. 
Cyclopaldic acid, structure of, 866. 
Cyclopentadiene, simple derivatives of. Part II, 1832. 
m-Cyclopentadienyl-molybdenum and -tungsten carbonyk, 
prep., 1321. 
Cyclopentadiene carboxylic acid, products from dimer of, prep. 
and properties, 1832. 
Cyclopentadienone, tetraphenyl-, polarography of, in dimethyl. 
formamide, 465. 
Cyclopentane, effect of some heterogeneous additives on th 
oxidation rate of, 3102. 
SEE acid, l-amino-, prep. of derivative, 
119 
Cyclopentanone, infrared spectrum, carbony! doublet in, 190. 
2-ethoxycarbonyl-, hydrogen isotope effect in the bromin- 
ation of, at —19-98°, 468. 
Cyclopent-2-enone, 2,4-diacetyl-3,4-dihydroxy -5-methyl, prep, 
164. 


3,4-Cyclopentenopyridine, reduction of, 1575. 

Cyclopenty! chloride, pyrolysis of, kinetics, 4668. 

Cyclopropane, isomerization of, 2758. 

D-Cystathionine, dibenzoyl-, partial racemisation accompaay: 
ing acid hydrolysis of, 2847. 

L-Cysteines, poly-S-alkyl-, prep., 1390. 

Cysteines, S-carboxyalkyl-, derivatives of, 2906. 





D 


Dactylis glomerata, a xylan from, 3877. 

Daldinia concentrica, biosynthetic investigations in, 654. 

Dammarenolic acid, constitution, 1900. 

Daphnandrine, structure, 4928. 

Daphnoline, structure, 4928. 

Deacetylation of glycoside polyacetates, 3166. 

Deacylation of carbohydrate derivatives with boron trichloni 
and boron tribromide, 2929. 
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Dealkylation of carbohydrate derivatives with boron tri- 
chloride and boron tribromide, 2929. 

jrans-Deca-5,9-dienoic acid and its cyclisation to A®%-octal-1- 
one, 5219. 

interaction with Friedel-Crafts acetylating agent. 

Part II, 4713. 

Decalone, acetoxytetramethyl-, prep. and stereochemistry, 67. 

jrana-2-Decalone, (-+ )-68-acetoxy-5,5,98-trimethyl-, prep., 

9 


2842. 
Decamethylene di-iodide, action of bases on, 4562. 
Decane, polyacetylenic derivatives of, from Basidiomycetes, 


691. 
Dehydrogenation, of ‘‘ blocked ’’ hydroaromatic compounds by 
quinones, 3123. 
of diethylamine, 1558. 
of 1,1-disubstituted 1,2-dihydronaphthalenes and tetralins 
by tetrachloro-1,2-benzoquinone, 3133. 
of hydroaromatic hydrocarbons by quinones: theoretical 
calculations for possible intermediates, 3110; effect of 
quinone shape, 3116. 
Dehydrolumisteryl acetate, stereospecific change in the irradi- 
ation of, 511. 
#-Deoxyadenosine, prep., 3275. 
Deoxynucleosides and related compounds. Part IX, 3275. 
Depolarisation factors, photoelectric measurement of, 119. 
Desilylation, chloro- and bromo-, 179. 
Desorption, of alcohols from metal oxides. 
1840. 
Desulphurising abilities of transition metals, comparison, 
1658. 


Detritiation by aqueous sulphuric acid, influence of meta- and 
para-methy] groups in, 3301. . 
of [o-*H]p-cresol, kinetics, 2461. 
Deuteration, effect of, on electron distribution and energy of 
conjugated molecules. Part III, 630. 
Deuterium compounds, infrared spectra. Parts I, II, 2927, 
3681 


Diamines, complexes with nickel(i1), dissociation of, 2895. 
1,5-Diaza-anthracene, octahydro-, 4583. 
Diazaindenes. Part I, ionisation constants and spectra, 1794. 
49-Diazapyrene, derivatives of, 2553. 
Diazo-exchange reaction, 2245. 
Diazonium group, direct introduction of. 
replacement of, by the nitro-group. 
in technique, 894. 
Diasonium ion, benzene-, reaction with anions in aqueous 
solution, 4603. 
salts, coupling of quaternary thiazolium salts with p-nitro- 
benzenediazonium chloride, 963. 
from 3-amino-],2,4-thiadiazoles, 3234. 
Didenz[a,cjanthracene, prep., 2845. 
Dibenzazepinium, dihydro-, compounds, ultraviolet absorption 
spectra, 4165. 
1,8:7,8-Dibenzocyclododeca-1,7-diene-3,5,9,11-tetrayne, 3614. 
Didenzo[b,‘|filuoranthene, prep., 536. 
— ph nthrenes substituted in the interfering positions, 


a8-Diearbonyl intermediate in formation of p-glucoisosacchar- 
inic acid, 1932. 

Diels-Alder reaction, bicyclo[{2,2,1 }heptadiene in, 473. 

Dienes, bicyclic, prep. and polymerisation, 1541. 

4,6-Dien-3-ones, 6-methy]- (steroids), prep., 2828. 

Diethylamine, dehydrogenation of, 1558. 

Diguanide, N-hydroxy-, N-alkoxy-, and N-arylmethoxy- 
derivatives, 229. 

Dihydronicotinamide, derivatives of, effect of acids on, 5254. 

«-Diketones, prep., 4141. 

12-Diketones, periodate oxidation of, 1593. 

8-Diketones and their metal complexes. Part II, 1435. 
condensation of, with «f-unsaturated ketones, 1625. 
or from copper complexes and nitrobenzoy] chlorides, 


Part VII, 4417. 
Part VI, simplifications 





prep. of pyrazoles from, 1588. 
1,2-b:2’,1’-d}thiophen, prep., 433. 
Dinaphtho|1,2-b:2’,3’-d|thiophen, prep., 433. 
12-Diols, periodate oxidation of, 1593. 
1,8-Diols, oxetans from monoarenesulphony] esters of, 3575. 
hispida, Dennstedt, an alkaloid from. Part VI, 


9H 


Parts I, IJ, 332, | 


5309 


| Diosmin (flavone glycoside), isolation from the flowers of 


Sophora microphylla, 1955. 


| 1,8-Dioxan, 5-oxo-2-phenyl-, prep., 886. 


1,4-Dioxan, infrared spectra and structures of metal com- 
plexes of, 5105. 
trans-2,3-dichloro-, interaction with sulphuric acid, 3167. 
Dioxans, 5-hydroxy-2-pheny]-1,3-, configuration and reactions, 
2574. 


| Diphenyl [Biphenyl] series, orientation effects in. Part XV, 
4587. 


Diphenylenes. 


Part IV, 414. 
bond structure of, 414. 

Diphenylmethyl chloride, effect of p-halogen substituents on 
hydrolysis rate of, 2066. 

Dipolar molecules, reactions with ions, effect of solvent com- 
position on. Part II, 1453. 

Dipole moments, apparent, of alcohols as solutes, 108. 
of phenols, 55. 
of six polyethylene glycols as solutes in benzene, 2890. 
of substituted phenols in benzene, 4265. 

Displacements, nucleophilic, in organic sulphites. Part VI, 37. 


| Dissociation constants, primary and secondary, of aliphatic 


dicarboxylic acids, 102. 


| Diterpenes, prep. Part II], 4613. 





of labdane group, prep. and configuration at position 13, 
4613. 
1,4-Dithian, infrared spectra and structures of metal com- 
plexes of, 5105. 
Dithiocarbamate, dialky]-, complexes with rhenium(m1), prep., 
5275. , 
Part XXI, prep. from cyclic trithiocarbonates, 


Dithizone, complexes with mercury and cobalt, 2814. 
Djenkolic acid, homologues of, prep., 898. 

Docosanoic acids, oxo- and hydroxy-, prep., 1502. 
Drimenin, constitution and stereochemistry, 4685. 
Drosophila subatrata, polyacetylenic metabolites of, 2257. 
Dyes, new intermediates and. Part VIII, 1125. 


Echinocystic acid in Fouquieria peninsularis, 2373. 

Electrode, glass, precise measurements with. Part III, 4441. 

Electrode processes, complex, stationary current- voltage curves 
for, 1175. 

Electrolytes, solutions of, optical properties, 5226. 
solutions in sulphuric acid, osmotic coefficients, 837; 

densities and apparent molar volumes, 845. 

Electronic structures, of transition-metal oxyanions, 889. 

Electrons, molecules and ions containing an odd number of, 
4959. 


,7-Electron states, study by the valence-bond method, 
2204 


in furan, thiophen, and the parent hydrocarbon, calculation 
using valence-bond approximation, 2210. 
Electron transfer in the bismuth-tervalent bismuth exchange 
reaction, reactivity of anions towards, 2151. 
reactions in solution, heterogeneous catalysis by metals, 
3678. 
Electro-osmosis, transport of non-electrolytes through ion- 
selective membranes by, 620. 
Electrophoretic mobility of poly(acrylic acid) and poly(meth- 
acrylic acid), 3581. 
Elimination reactions, mechanism. Parts XX —XXII, 4054, 
4087, 4094. 
Emetine, absolute stereochemistry at position 1 by correlation 
with the natural amino-acids, 3474. 
(—)-Emetine, stereospecific synthesis of, 717. 
Entandrophragma genus, petroleum extracts from, 3827. 
Entropy, calorimetric and spectroscopic, of molybdenum hexa- 
carbonyl, 1438. 
Entropies of reaction of transition-metal ions with ethylene- 
diamine, i 
Epicalciferol, prep., 5176. 
Epigibberic acid, stereochemistry, 3049. 


| Epihsemanthidine, new alkaloid from Hemanthus natalensis, 
1088. 


isomerisation to epitazettine, 1090. 
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Epoxides, vicinal, effect of a hydroxyl group upon the metal- 
reduction of, 3571. 
Epoxide reactions, mechanism. Part II, 3497. 
Equilibria, self-dissociation, of sulphuric acid, 821. 
Ericaceae of Hong Kong, constituents of, 3197. 
Esters, kinetics of alkyl-oxygen fission in hydrolysis of, 
467. 
tracer studies in hydrolysis of. Part VIII, 336. 
f-keto-, reaction with o-phenylenediamine, 308. 
af-unsaturated, configurations from nuclear magnetic 
resonance spectroscopy, 2886. 
Ethane cracking at high temperature, 4443. 
Ethanol, desorption of, from metal oxides, 332. 
Ethers, molecular rearrangement and fission by alkaline re- 
agents, 3521. 
alkyl aryl, acid-catalysed rearrangements of. Part IV, 
959 


alkyl ‘tolyl, rearrangement of, by aluminium chloride, 
959. 


eyclic, as pethidine substituents, 2103. 
triphenylmethyl, of carbohydrate derivatives, 4706. 

Ethyl radicals, from propionaldehyde, 1611. 

Ethylamines, di-N-substituted 2-halogeno-. Part III, 
N-2(or 3 or 4)-chlorobenzyl-N-ethyl derivatives, prep., 
reactivity, and pharmacology, 1482. 

Ethylene, oxidation by nitrous oxide, kinetics, 3722. 
derivatives of boric acid, experiments with, 667. 

Ethylene, chlorotrifluoro-, reaction with trichlorosilane, 4503. 
tetrafluoro-, reaction of nitrosyl halides with, 1151. 
trifluoronitroso-, prep. and polymers of, 1398. 

Ethylene—diboron tetrachloride, adducts with ammonia and 
methylamines, 43. 

Ethylenediamine, complexes with cobalt(m), infrared spectra. 

Part I, 4369. 

heats and entropies of reaction with transition-metal ions, 
4553. 

N-isopropylidene-, nickel(m) complexes with Schiff bases 
from, 3 

Ethylenic bonds, isolated, in steroids and triterpenes, ultra- 
violet spectra, 697. 

Ethynyl—hydrogen bond. Part I, 2527. 

Eusiderin, a possible by-product of lignin synthesis in Lusider- 
ozylon zwageri, 4732. 

Eusiderorylon zwageri, a possibie by-product (eusiderin) of 
lignin synthesis in, 4732. 

Exchange, of chlorine, between antimony trichloride and tri- 
methylchlorosilane. Part I, apparatus and techniques, 
703. Part II, exchange kinetics and mechanism, 708. 

Exhaustive methylation of N-methyl-4-aza-5a- and -5f- 
cholestane, 945. 

Explosives, burning to detonation of, 4154. 


F 


Ferrocene, molar Kerr constant of, 1812. 
Ferrocenecarboxylates, alkyl-, 3528. 
Finkelstein reaction, 4400. 
Firebrick, adsorption properties in relation to use in gas-liquid 
chromatography, 2444. 
reaction, method for obtaining the rate coefficient 
and final concentration, 2371. 
Flavan derivatives. Parts II, III, 2433, 4106. 
Flavans, polymerisation of. Part III, 3308. 
Flavans, action of lead tetra-acetate on, 3308. 
Flavanoid glycoside (matteucinin) from the Ericaceae of 
Hong Kong, 3197. 
Flavanones, in Angophora lanceolata, 2063. 
Flavone, 7-chloro-, prep., 1279. 
Flavones and chromones. Part IJ, 3899. 
Fluorene derivatives, prep., 1488. 
Di-(9-benzyl-9-fluorenyl) peroxide, as source of benzyl 
radicals, 3203. 
B-9-Fluorenylidenepropionic acid, prep., 781. 
Fluoren-2-ol, 1,7-dimethyl-, 3038. 
Fluorenone hydrazone, attempted rearrangement of, 2098. 
Fluoren-1l-one, 1 ,2,3,4-tetrahydro-8-methyl-, prep., 2805. 
Fluorescence, decay of, 3726. 
and ionisation rate of an acid, 3729. 


of Subjects, 1960. 








Fluorine, reactions with alkanes, 1064. 

N-alkylanilines and N-alkyl-N-phenylhydrazines gj, 
stituted with, prep., 5259. 

heterocyclic compounds ea Part 1V, 672. 

organic compounds of. Parts XIII, XIV, XVI, XIX, 462, 

463, 3225, 5261. 
solvent shifts of their nuclear magnetic resonance Spectra, 
877. 

Aromatic fluoro-compounds. Part I, 2243. 

Aromatic polyfluoro-compounds. Part VI, 4754. 

Attempt reduction of rhodium and platinum tety. 

. fluorides — —— tetrafluoride, 3419. 

onversion of carboxylic acids into acylatin ts j 
trifluoroacetic anhydride, 2914, 2917. Bice | 

Cyclic phosphonitrilic fluorides, prep., 3608. 

Diethy] oxalofluoroacetate, reaction with aliphatic alde. 
hydes, 5261. 

Ethoxalylfiuoroacetic acid, ethyl ester, prep., 3225. 

Fluorides of osmium, 2618. 

Fluorides of rhenium, new, prep., 1099. 

Fluoroacetamidine, pyrimidines derived from, 463. 

Fluorocarbohydrates, Parts II, III, 106, 298. 

Fluorocarbon iodides, ionic reactions of, 4695. 

Fluorocyclohexanes. Part VI, 3800. 

Hexa- and penta-fluorocyclohexenes, dehydrofluorination, 
3800. 

Isomeric 4,4,4-trifluorobutane-1,2,3-triols and yyy-trifluors. 
aB-dihydroxy butyric acids, prep., 4644. 

Oxyfiuorides of rhenium, new, prep., 1099. 

Penta- and tetra-fluorothiophenol, prep., 4754. 

“ Phospho-enol-fluoropyruvic acid’ [1-alkoxycarbonyl. 
2-fluorovinyl dialkyl phosphate] and related compounds, 
462. 

Polyfluoro-compounds, aromatic. Part IV, reaction with 
nitrogen-containing bases, 1768. 

Polyfluoroalkyl compounds of silicon. Part V, 4503. 

Silicon trifluoromethyl] sulphide, prep., 3516. 

Sulphur chloride pentafiuoride, prep., 665; oxidation, 
2774. 

Tetrachlorophosphonium pentachlorofluorophosphate, 4126, 

Tetrafluoroethylene, reaction with nitrosy] halides, 115). 

Tetrafluoroiodates, 2373. 

2-Trifluoromethylglycerol and related compounds, 3184. 

Trifluoronitrosoethylene and its polymers, 1398. 

2,4,6-Trinitrobenzotrifluoride, prep., 2243. 

Triphenylmethy] fluoride, hydrolysis in aqueous acetone, 
3806. 


Fluoro-compounds, aromatic. Part I, 2243. 

Formaldehyde, formation of cation-exchange resins by acid 
condensation with phenolsulphonic acid, 4820. 

Formamide, N N-dimethyl-, reactions of peroxides in. Part 
II, 4490. 

Formazan, 3-methy]-1,5-diaryl-, nickel complexes of, 2087. 

Fouquieria peninsularis, echinocystic acid in, 2373. 

Free-energy relations, linear, in reactions of olefinic substances, 

3823. 


in the steroid series, 2343. 
Free-radical polymerisation-catalysts, rates of decomposition 
of, 4023. 
Friedel-Crafts acetylating agent, interaction with decalin. 
Part II, 4713. 
conditions, effectiveness of Bronsted—Lewis acid com- 
binations investigated by hydrogen isotope exchange, 
4388. 
Fries reaction. Parts I, II, 2312, 2321. 
D-Fructose, aqueous solutions, effect of y-radiation ™, 
754. 
Fulvene, prep., by Thiele’s method, 1409. 
Fulvenes, isomerisation of benzene and derivatives to, 2003. 
Fungi, higher, chemistry of. Parts X, XI, 691, 2257. 
Fungicidal activity and chemical constitution. Part Vl, 
5097 


Furan, and the parent hydrocarbon, calculation of electron 
states using valence-bond approximation, 2210. 

Furano-group, infrared absorption in some polycyclic aromatic 
compounds, 2458. 

Furanols, hydro-, infrared spectra, 4565. 


Furfuraldehyde, 5-hydroxymethyl-, iodine-catalysed prep. #, 


from sucrose, 787. 
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eGsiactan from European larch, catalytic oxidation of, 2503. 
»-p-Galactopyranoside, phenyl, prep., 3421. 
p-Galactose, sulphated derivatives of, 5026. 


(Gallium tribromide, addition compounds with pyridine and 
iperidine, 353. 
ive acceptor strength towards pyridine, 1145. 
trichloride, piperidine complexes with, thermochemistry, 
1145. 
relative acceptor strength towards pyridine, 1145. 
thermochemistry of systems with acetone and acetyl 
chloride, 356. 
(amma-irradiation of cyclohexane, effect of quinones on, 
2225 


(amma-radiation, action on aqueous solutions of D-mannose 
in oxygen, 3404. 
action on solid glycine, 1869. 
effect on aqueous D-fructose solutions, 754. 
effect on aqueous sucrose solutions, 762. 
Geometric isomerism about the ethylenic double bond, applic- 
ation of nuclear magnetic resonance spectroscopy to, 2881. 
Geranic acid, methyl ester, thermal isomerisation, 161. 
Germanium, quadrivalent. Part VIII, 3752. 
surface chemistry of. Part II, chlorine erosion, 1797. 
complexes with polyhydric alcohols, 1745. 
complexes with tartaric, lactic, and mucic acid, 3752. 
hexamethyl compounds of, Raman spectra, 506. 
trans-Dipyridinetetrachlorogermanium(Iv), crystal struc- 
ture, 366. 
Germanium(rv) (quadrivalent germanium), chemistry of. 
Part VII, 1745. 
ogermanium compounds. Parts I, II, 3200, 3423. 
Substituted triethy!- and tricyclohexyl-phenylgermanes, 
prep., 3200. 
Triethyl-m- and -p-nitrophenylgermane, prep., 3423. 
Gibberellenic acid, the chromophore of, 3045. 
Gidberellic acid. Parts XII—XVII, 3007, 3022, 3038, 3040, 
3045, 3049. 
derivatives of, nuclear magnetic resonance spectra and 
structures of, 3040. 
structure of ring A, 3022. 
Gibberic acid, stereochemistry, 3049. 
D-Glucitol, 2-deoxy-1,3,4,5-tetra-O-methyl-, and derivatives, 
2587 


1,3:2,4:5,6-tri-O-methylene-, a linear polyester with adipic 
acid, 2914. 
p-Glucometasaccharinic acid, a-keto-aldehyde intermediate in 
formation of, 1938. 
Gucose, kinetics of oxidation, 2392. 
D-Gincose, aqueous solutions in oxygen, effect of ultraviolet 
light on, 3398. 
sulphated derivatives, 5026. 
3,6-di-O-(8-p-glucopyranosyl)-, prep., 2366. 
40-methyl-, competing reactions in the alkaline degrad- 
ation of, 1924. 
[C)@lucose, self-decomposition of, 5153. 
%D-Glucoside, periodate-oxidised 4,6-O-benzylidene-, and 
related compounds, 3532. 
“o- o phosphate), methyl, alkaline hydrolysis of, 
758. 


Glutaconic acid, trans-8-methyl-, isolation, and configuration 
from nuclear magnetic resonance spectroscopy, 2886. 
Glyceric acid, (-+-)-2-deoxy-2-fluoro-, characterisation, 106. 
polymorphic forms, nuclear resonance spectra of, 


Glycerol, 1,2-0-methylene-, and related compounds, 2582. 
— ether (f-batyl) analogue of cephalin, prep., 


2-trifluoromethyl-, and related compounds, 3184. 
ton 1,3-O-benzylidene-, configuration and reactions, 


Glycine, solid, action of y-Tays on, 1869. 
acyl-, and related oxazolones, prep., 3457. 





acid, action of X-rays (200 kv) on aqueous solutions 


of, 5091. 
prep. a, Giyeols, polyethylene-, molar Kerr constants and dipole 


moments when dissolved in benzene, 2890. 
9n2 


of Subjects, 1960. 5311 


«-Glycols, oxidation with vanadium(v), 2761, 2767. 
Glycopyranosyl chlorides, 2,3,4,6-tetra-O-methy]l-, nucleophilic 
substitution in, 4637. 
Glycoside phosphates, methyl, prep., 3762. 
polyacetates, deacetylation of, 3166. 
a polyacetylenic, 2280. 
C-Glycosyl compounds. Part IV, 4879. 
Glycosylamines, N-substituted. Part VI, 1598. 


| Glyoxal, influence of cations on the benzilic acid rearrange- 





ment of, 1944. 
Glyoxaline derivatives, mechanisms of N-substitution in. 
Parts I—III, 1352, 1357 1363. 
4(5)-nitro-, methylation of, by methyl sulphate, 1357. 
prototropic equilibria involving, 1352. 
See also under Imidazole. 
Glyoxalines, substituted, N-methylation orientation in, 
1363. 
Gold, adsorption from hydrochloric acid, sulphuric acid, and 
potassium chloride solutions, by gold powder, 4019. 
Greenheart, alkaloids from. Part I, 2739. 
reagent, methyl, action on 3-hydroxymethylene- 
camphor, 896. 
Reaction of methylmagnesium iodide with 38-hydroxy-5a- 
cholestan-6-one, 4707. 
Guanidine, heterocyclic derivatives of. Part I, 2108. 
«-D-Guloside, methyl 2,3-anhydro-4,6-O-benzylidene-, action 
of ammonia on, 3392. 
Gum labdanum, chemistry of. Part IV, 1324. 
Gums of the genus Khaya. Part II, 4918. 


Hemanthus natalensis, new alkaloid from, 1088. 
Halide, aryl, influence of ring substituents on the rate of self- 
condensation of, in the Ullmann synthesis, 592. 

Halides, hydrogen, catalysis in the gas phase by. Parts I— 

IV, 2836, 3087, 3090, 3920. 
methyl, reactions with bromine, 4177. 

Halogens, transfer of, between reactants in the Ullmann biaryl 

synthesis, 589. 
Halogen substitution, aromatic, kinetics and mechanisms. 
Parts XVIII, XIX, 4039, 4044. 
p-Halogen substituents, effect on rate of hydrolysis of di- 
phenylmethy] chloride, 2066. 
Halogenation of n-butyl halides, 144. 
Halogeno-complexes, relative stabilities of. Part I, 3431. 
Hexahalogenoplatinates, 3431. 
Hammett acidity function in aqueous nitric acid, 3589. 
in reactions catalysed by carboxylic acids, 4198. 
Hardwoods, extractives from. Parts XXIX, XXX, 4732, 
4738. 
Heat of combustion of 3,5,5-trimethylhexanol, 2378. 
of formation of sulphur chloride pentafluoride, 4693. 
of solution of boron tribromide in acetone, 356. 
of sublimation of d bonyldi Z , 533. 

Heats, of autoprotolysis and ionic self-dehydration, tem- 
perature-dependence of the self-dissociation equilibria of 
sulphuric acid and, 4320. 

of combustion of butanal and heptanal, 2377. 
of formation and bond energies. Parts II—IV, 1622, 3284, 





4649. 

of formation of boron trichloride and tribromide complexes 
with pyridine and piperidine, 1141. 

latent, of sublimation, of «-, 8-, and y-sulphur, 1200. 

of reaction of transition-metal ions with ethylenediamine, 
4553 


Hecogenin, steroids derived from. Part I, 2191. 

Hemitoxiferine-I, chemistry and structure, 736. 

Heptacosanoic acid, (— )-2(D),4(D)-dimethyl-, prep., 2802. 

Heptanal, heat of combustion, 2377. 

Heteroaromatic and benzenoid six-membered monocyclic 
nuclei, infrared absorption. Part X, 2947. 

Heteroaromatic compounds, new. Part V, 1344. 
polycyclic, infrared spectra, 2942. 

Heteroaromatic systems, infrared absorption of substituents 
in. Part IV, 676. 

N-Heteroaromatic systems, electronic spectra. Parts VI— 
VIII, 219, 1282, 2437. 
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Heterocycles, nitrogenous, dihydrides of, as hydrogen donors, 
3249. 


homogeneous hydrogen transfer reactions to miscellaneous 
acceptors from, 3257. 
homogeneous hydrogen transfer between, 3268. 
Heterocyclic ‘‘ Complexones ”’, 2369. 
compounds, addition reactions of. Parts 1V—VI, 1691, 2138, 


4600. 
containing fluorine. Part IV, 672. 
prep. from 8-unsaturated 1,3-diketo-esters. Parts II, 
III, 1426, 1430. 
from urea derivatives. Part I, 3437. 
boron—carbon, 2922. 
nitrogen, atom and bond populations in, 1946. 
molecules, vibrational frequency correlations in. Parts VI, 
VII, 3278, 3653. 
substances, ionization constants of. Part IV, 1020. 
Hexanol, 3,5,5-trimethyl-, heat of combustion, 2378. 
Hexitols, cyclic acetals of, mechanism of reaction with boron 
trichloride, 2853. 
Hexoses, deoxy-, and derivatives, periodate oxidation, 1474. 
n-Hexyl bromide, unimolecular decomposition, 184. 
Histamine and structural analogues, metal complexes of, 2398. 
Histidine-hypertensin analogue, step towards synthesis of. 
Part I, 3861. 
Holarrhena mitis R.Br., isolation of conessine from, 2368. 
Homocysteines, S-carboxyalkyl-, derivatives of, 2906. 
Homolytic reactions, of aromatic side chains. Parts I, IJ, 
1168, 1446. 
Homonataloin, 4879. 
Homophthalic acid, a derivative of, isomerisation, 2512. 
Homophthalimide, ««x-dimethyl-, rearrangement of, 1896. 
Hopanone, hydroxy-, p/E ring junction, stereochemistry of, 
1715. 
Hops, chemistry of constituents of. Part XIV, 164. 
Hormones, steroid, compounds rela‘ed to. Part I, 3333. 
modified steroid. Parts XIV —XX, 2385, 2389, 2596, 2828, 
3872, 4657, 4664. 
Hydantoins, N N-di-2-chloroethylamino-phenyl- and -phenyl- 
alkyl-, and related amino-acids, 2994. 
Hydratropic acids, derivatives of, 627. 
Hydratropic alcohols, derivatives of, 627. 
Hydrazides, «-amino-oxy-, prep., 225. 
Hydrazines, N-alkyl-N-phenyl-, fluorine-substituted, prep., 
5259 


aryl-, conformations, 3600. 
Hydroaromatic compounds, “ blocked ’’, dehydrogenation by 
quinones, 3123. 
Hydrocarbons, pure, hydrogen resonance spectra at low tem- 
peratures, 2489. 
aromatic, alkylation by use of magnesium and alkyl halides, 
3319. 
formation at high temperatures. Parts VI—XI, 266, 
2746, 2825, 4420, 4427, 4431. 
molecular-orbital calculations for a new class of, 3288. 
photo-emission of electrons from crystals of, 5192. 
polarographic reduction of, in dimethylformamide in 
presence of proton-donors, 385. 
polynuclear, ozonolysis of, 3230. 
solubility behaviour. Parts II, III, 2485, 3854. 
solubility in cyclohexane, 3854. 
branched-chain, syntheses and reactions. Parts XII, XIII, 
215, 680. 
conjugated cyclic and their heterocyclic analogues. Parts 
II, III, 494, 663. 
hydroaromatic, dehydrogenation by quinones: theoretical 
calculations for possible intermediates, 3110; effect of 
quinone shape, 3116. 
saturated, oxidation by chromium(v1) oxide, 680. 
Hydrogen bonding in alkyl- and aryl-ammonium salts, 4965. 
of ethynyl compounds with ether, 2526. 
between methoxyl and hydroxyl substituents in the 
4,5-positions of phenanthrene, 1950. 
bonds, in o-hydroxyary] alkenyl ketones, 346. 
in phenols, effect of alkyl groups on, 486. 
bromide, as catalyst in the decomposition of t-butyl] alcohol, 
2836. 


chloride (liquid) as an ionising solvent, Parts I, 11, 2329, 
2332, | 


of Subjects, 1960. 


Hydrogen isotope effect, in the bromination of 2-ethoxy. 
carbonylcyclopentanone at —19-98°, 468. 
isotope exchange, use in investigating the effectiveness of 
Bronsted—Lewis acid combinations under Friedel-Crafy 
conditions, 4389. 
isotope exchange reactions, kinetics. Part X, 246], 
peroxide, use for reduction of vanadium(v) in strong Acids, 
2475. 
transfer. Parts X—XVIII, 3110, 3116, 3123, 3133, 3138, 
3144, 3249, 3257, 3268. 
homogeneous, from dihydrides of nitrogenous hetep. 
cycles to miscellaneous acceptors, 3257. 
homogeneous, between nitrogenous heterocycles, 3268, 
Hydrogenation, asymmetric, of ( — )-3-methyl-4-phenylbut. 
3-en-2-ol and (+-)-«-pinene, 1195. 
catalytic, réle of supports in. Part I, 1995. 
catalytic, of cyclic allylic alcohols in the presence of sodign 
nitrite, 3563. 
Hydrolysis, alkaline, of 2-, 3-, and 4-ethoxycarbony]pyridine 
and their 1-oxides, kinetics of, 1171. 
of the methylcyclohexanols and related alcohols, kinetics, 
3634 


of amides in very strong acids. Part I, 545. Part II, mp 
measurements and reaction mechanism, 853. 

of diphenylmethy] chloride, effect of p-halogen substituents 
on rate of, 2066. 

of phosphonochloridate and related compounds. Part J, 
effect of substituents, 1859. Part II, effect of solvent, 
1865. 


of ribonucleic acid, 1184. 

Hydroxamic acids, cyclic, synthesis from o-aminocarboxylic 
acids, 2157. 

Hypertensin, histidine-, analogue, step towards synthesis of 
Part I, 3861. 

Hypoglycin B, 4112. 


I 


Imidazo/{2,1-) }quinazolines, 3551. 

Imides, of ketens, as reagents in pyrophosphate synthesis 
4511. 

Indanones, Reformatsky reaction on, 4115. 
trans-hexahydro-, prep. and rotatory dispersion curves, 

2044. 

Indane-1,5-dione, 5,6,7,8-tetrahydro-8-methyl, synthetical 
studies with, 4547. 

Indazoles, monofluoro-, prep., 672. 

Indene, pyrolysis of, 2746. 

Indeno[2,1-a]perinaphthene, addition of benzyne and 1-bromo 
acenaphthylene to, 663. 

Indeno(1’,2’-4,5)thiazoles, ring-expansion reactions of, 2008 

Indeno(2’,1’-2,3)thiophens, ring-expansion reactions of, 2098. 

Indicators, redox, anthranilic, orthanilic, benzidine-3,3’4 
carboxylic, and benzidine-3,3’-disulphonic acids as, 4225. 

Indium, phosphates, phase diagram, ion-exchange, and pil 

titrations, 2452. 
Tetrachloroindate ion, Raman spectrum, 4473. 

Indole, reduction by metal-ammonia solutions, 4609. 
1,3-dimethyl-, reaction with mesity] oxide, 4574. 

3H-Indole, 3,3-dimethyl-2-methylthio-, cyanine bases from, 
1529. 

Indoles. Part LV, 4574. 
2-(dihydroxypheny])-, prep., 360. 
2’-Indolylbenzoquinones, prep., 360. 

Indolizines, from hydrolysis of tetramethyl 4//-quinolizin 
1,2,3,4-tetracarboxylate, 4600. 

Infrared region, absolute intensities for some benzene com 
bination bands, 5221. 

Inositols, periodate oxidation of, 624. 

Intermediates, unstable. Part 1X, 977. 

Iodine, multivalent, organic compounds of. Part I, 1209. 
Decamethylene di-iodide, action of bases on, 4562. 
Diaryliodonium salts, electronic absorption spectra @ 

2082. 
Diphenyliodonium iodide, photochemical decompositiot 
of, 2078. 





Fluorocarbon iodides, ionic reactions of, 4695. 
lodate structure and infrared spectra, 2429. 
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lodates, tetrafluoro-, 2373. 
lodide, exchange with iodoplatinate, 187. 
lodides, quaternary, charge-transfer spectra, 2437. 
lodiné-oxygen compounds. Parts I, IT, 2429, 3350. 
lodosyl and related compounds, 3350. 
Periodate oxidation of deoxy-hexoses and derivatives, 
1474. 
of 1,2-diols, diketones, and hydroxy-ketones, 1593. 
of inositols, 624. 
properties of indium phosphates, 2452. 
resin, use in determination of tertiary nitrogen, 2473. 
studies of phosphates. Part IV, 460. 
association and reaction rates. Part I, 3626. 
m of benzoic acids, effect of pressure on, 247. 
ofa second substituent in a heterocycle, effect of a tautomer- 
isable «-substituent on, 1020. 
constants, of diazaindenes, 1794. 
of heterocyclic substances. Part IV, 1020. 
of naphthyridines, 1790. 
rate of an acid, fluorescence and, 3729. 
jonising radiations, chemical action in solution. 


5091. 
is of sugars and cyclic polyhydroxy-compounds in 
molybdate solutions, 4252. 
alkaloids. Parts V, VI, 717, 3474. 
Iridium, complexes with dimethyl-o-methylthiophenylarsine, 
3181. 
Iron, carbonyls, bonding of compounds with cyclo-octa- 
tetraene, 400. 
carbonyls and derived anions, polynuclear, spectroscopic 
investigation, 4632. : 
o-complexes, spectroscopic studies of, 989. 
Alkyl. and aryl-thio-iron tricarbonyls, 3890. 
Ferrocene, molar Kerr constant, 1812. 
Ferrocenecarboxylates, prep., 3528. 
Ferrous ions, photochemical decomposition of water by, 


Part XXIV, 


Hydrolysis of iron(m1), spectrophotometric study, 3626. 
Iron(0) compounds, infrared spectra, 1440. 
Iron(m1) complex cyanides, decomposition of, 730. 
Tetrachloroferrate ion, Raman spectrum, 4473. 
awlrone, prep., 271. 
Isstidine, alkaloid from Senecio discolor, D.C., 2375. 
lsobiuret, 1,0-dimethyl-2-thio-, isomerisation to 
methy]-2-thioisobiuret, 470. 
Isbutene, low-temperature polymerisation of. 
3913 


1,S-di- 
Part IV, 


addition of hydrogen chloride to, 1292. 
Isobutyl radicals from photolysis of isovaleraldehyde, 5072. 
lsocorydine methochloride, identity with chakranine, 1950. 
lodrimenin, constitution and stereochemistry, 4685. 
Isoflavone, 7-chloro-, prep., 1279. 
(afromosin), structure and prep., 1491. 
Isohumulone A, analogue of, 164. 
1H-Isoindoles, prep., 2108. 
Isomelacacidin from Acacia species, 4106. 
lsomerisation, thermal, of methyl geranate and dihydro- 
myrcene, 161. 
lso-odyssic lactone, prep., 3489. 
lsophthalic acid, 4-hydroxy-, derivatives of, 2720. 
“ot alcohol, hydrogen bromide-catalysed decomposition 
of, 3091. 
Isopropyl radicals, reaction with methy] radicals, 1609. 
Isoquinoline, 3,4-dimethyl-, rearrangement of a«-dimethyl- 
homophthalimide to a derivative of, 1896. 
Isoquinolines, ethyl- and dimethyl-, prep., 1918. 
ic acid, D-gluco-, the aB-dicarbony! intermediate 
in the formation of, 1932. 
Part IV, reactiori with acetaldehyde 
ammonia, 1961. 
Isotope effects in the addition reactions of olefins under acid 
conditions, 4571. 
exchange, detritiation of [o-*H]p-cresol in water and 
deuterium oxide, kinetics, 2461. 





Neniesaltehyde, isobutyl radicals from the photolysis of, 


lsoviolanthrene, physicochemical properties, 4188. 
lsoviolanthrone, physicochemical properties, 4188. 
lsorazole carboxylic esters, x-substituted styryl-, prep., 1426. 
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K 
Kempferol, dihydro-, in Nothofagus species, 2560. 


Katonic acid, a triterpene from Sandoricum indicum, 
4738. 

Keten imides as reagents in pyrophosphate synthesis, 
4511. 


Kerr constant, molar, of ferrocene, 1812. 
Kerr constants, molar, of mono- and di-methoxy-, -acetoxy-, 
and -ethoxycarbonyl-benzenes, 3173. 
molar, of normal alcohols in benzene, 128. 
molar, of phenol and p-methyl-, chloro-, bromo-, and nitro- 
derivatives, 1825. 
molar, of six polyethylene glycols as solutes in benzene, 
2890. 
specific, of vinyl acetate and polyvinyl acetates, 1814. 
Ketones, conductivities of solutions in sulphuric acid, 4315. 
diaryl, reduction of, 2132. 
hydroxy-, periodate oxidation of, 1593. 
o-hydroxyary] alkenyl, hydrogen bonding in, 346. 
B-poly-, formation of aromatic compounds from, 4395. 
reaction of sulphenyl chlorides with, 4486. 
«f-unsaturated, condensation with B-diketones, 1625. 
reduction with lithium aluminium hydride and aluminium 
chloride, 1406. 
stereochemistry and infrared spectra, 3425. 
Ketyls, metal, as initiators of polymerisation of vinyl mono- 
mers, 3357. 
Khaya genus, plant gums of. Part II, 4918. 
Khaya ig gum, major component of, 4918. 
Kinetics of dissociation, of bis(ethylenediamine)- and tris(ethyl- 
enediamine)-nickel complexes, 2901. 
of complexes of nickel(11) with racemic 2,3-di- aminobutane, 
2901. 
vf metal complexes. Parts II, IIT, 2895, 2901. 
of moderately fast reactions, thermal method for determin- 
ation of, 2299. 
Ionic association and reaction rates. Part I, 3626. 
Knoevenagel reaction, benzaldehyde “ nitrogen mustard ”’ in, 
5271. 
levulic acid in, 1118. 
Kostanecki—Robinson acylation of iodo-derivatives of 2,4- and 
2,6-dihydroxyacetophenone, 3899. 
Kreysigia multiflora Reichb., alkaloids of. Part I, 445. 


L 


Labdane group diterpenes, prep. and configuration at position 
13, 4613. 

Leevulic acid. Part I, 1118. 
a-methyl-, characterisation of, 3418. 

Laminarin, structure. Part III, 175. 

p-Lanthionine, dibenzoyl-, partial racemisation on acid hydro- 
lysis of, 2847. 

Larch e-galactan, European, catalytic oxidation of, 2503. 

Lattice energies, of alkali selenides and tellurides, 516. 

Lead tetra-acetate, action on flavans, 3308. 
reaction with 1-methylene-4-t-butylcyclohexane, 3895. 

Lecithin, solubilisation of dibasic fatty acids by, 139. 

Leucine, erythro- and threo-B-hydroxy-, prep. of racemates of, 
968 


Lignite, triterpenoids from, 893. 

Liquid-phase reactions at high pressure. Part XII, 3849. 

Liquids, some correlations between thermodynamic properties 
and structure, 2566. 

Lithium methoxide, physicochemical properties, 4270. 

Luminescence from anthracene crystals, and its temperature- 
dependence, 5213. 

Lumisantonin, stereochemistry, 4596. 

Lumistanol A, prep. from an oxidation product of lumistery] 
acetate, 2800. 

Lumisterol, perbenzoic acid oxidation of, 2792. 
dihydro- and tetrahydro-derivatives, 2785. 
hexahydro-compounds of, 2627. 

Lumisteryl acetate, prep. of lumistanol A from an oxidation 

product of, 2800. 

perbenzoic acid oxidation of, 2792. 
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Magnesium, for alkylation of aromatic hydrocarbons, 3319. 

Magnetic perturbation of singlet-triplet transitions. Part IV, 
1735. 

Magnetic properties of vanadium(m1) complexes, 2480. 

Maleic anhydride, stable adduct with benzene, 4791. 


Malonic acid, diethy] esters, condensation of «-acyl derivatives | 


with acetylenic alcohols, 3153. 

Malonic dilactone, cis-1(Me),3(H),4(H)-cis-3(H),«(H)-1,8-di- 
hydroxy-3-p-menthyl-, 3734. 

Malononitrile, reaction with aromatic aldehydes, in ethanol, 
2025; in water, 2020. 

Maltose, competing reactions in the alkaline degradation of, 
1924. 


Manganese, polarography of, 71. 
Mn,(CO),9, heat of sublimation and metal-metal bond 
energy in, 533. 
Trinitrosylcarbonylmanganese, prep., 4842. 
Mannitol, trifluoroisopropylidene derivatives of, 2716. 
D-Mannose, action of gamma-radiation on aqueous solutions in 
oxygen, 3404. 
Manool, oxidation products of, 5274. 
Matteucinin (a flavanoid glycoside) from the Ericaceae of 
Hong Kong, 3197. 
Meisenheimer addition complexes, 5160. 
Melacacidin from Acacia species, 4106. 
Melicope species, New Zealand, chemistry of, 2376. 
Melicope mantellii Buch., constituents of the bark of, 
2376. 
Melphalan, N“-acyl, amide, ester and peptide derivatives of, 
3659. 
Membranes, ion-selective, transport of non-electrolytes 
through, by electro-osmosis, 620. 
Mercapto-compounds, N-heteroaromatic, and their N- and 
S-methy] derivatives, infrared spectra, 1237. 
Dimercaptopropy! esters and related dithiouronium brom- 
ides, 2674. 
Mercapto-derivatives of alkanols, sulphides, and hydroxy- 
sulphides, 2649. 
Mercapto-pyridine 1-oxides, tautomerism of, 2937. 
Mercury, dithizone complexes of, 2814. 
Bis(trifluoromethylthio)mercury, addition compounds of, 
810. 
reactions of, 1108. 
Mercurous and mercuric hyponitrite, thermal d«com- 
position of, 2727. 
Trifluoromethylthiomercuric chloride, reactions of, 1108. 
Merocyanines, prep. and electronic absorption spectra of 
homologous series of, 3812. 
derived from 2-hydroxythiazoles and thiazole-2-thiols, 4244. 
Mesityl oxide, reaction with 1,3-dimethylindole, 4574. 
Mesomorphism and polymorphism in simple derivatives of 
p-terphenyl, 2699. - 
(5,5)-Metacyclophan, prep., 4015. 
Metal ions, oxidation by cobalt(m) in aqueous perchloric acid, 
31. 
oxides, desorption of alcohols from. Parts I, II, 332, 
1840. 


Metals, complexes of, factors influencing rates of dissociation 
of. Parts II, III, 2895, 2901. 
organic complex-forming agents for, 2369. 
Metals, bivalent, biuret complexes of chlorides of, 1952. 
of Group I, alkyl derivatives. Parts I—IIJ, 3923, 3926, 
4162. 
transition, alkyls and aryls of. Part III, 1718. 
anhydrous nitrates of, infrared spectra, 613. 
comparative desulphurising abilities of, 1658. 
complexes with seven-membered ring systems. Part II, 
4290. 


heats and entropies of reaction of ions with ethylenedi- 
amine, 4553. 
organic chemistry of. Part II, 4632. 
structure and reactivity of oxyanions of. Parts VII—X, 
284, 290, 889, 973. 
Metallo-organic compounds containing metal-—nitrogen bonds. 
Part I, 3857. 
acid, methy] ester, polymerisation by mono- 
sodiumbenzophenone, 3357. 
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chlorotriphenyl-, condensation with o-disubstituted bem. phites to 


enes, 325. faphthimids 
tetrachloro-, addition to aldrin, 3669. faphth( 1,2} 
Methanes, naphthyldiphenyl-, influence of substitution @ |\yg-Waphthe 
quinone formation from derivatives of, 2272. heny!-, | 
|  di- and tri-aryl-, steric effects in, 3790. i 

containing hindered dimethylamino-groups, - electronic |yyphthopyr: 

absorption spectra, 3790. 3094. 
\-Naphthyla 


triaryl-, Part I1I, 2272. 
7-Naphthy 
Saphthyridi 


| Methane, bromotrichloro-, addition to aldrin, 3669, 


Methanesulpheny! chloride, trifluoro-, reaction with ammonia, 
amines, and phosphine, 1103. 
Methanesulphonamides, infrared spectra, 4497. ; 1790. 
Methorxides of lithium, sodium, and potassium, physic. |;,¢-Naphth: 
chemical investigation, 4270. 1509. 
Methoxyl group, C—H stretching bands in the infrared, 2997, |ystsloe-em 
Methoxy! radicals, reactions with alkanes, 3210. hal: 
m- and p-Methyl groups, influence on detritiation by aqueous | radicals fi 
sulphuric acid, 3301. Jeomenthy! 
N-Methyl group, infrared C—H stretching bands of, 2927, from, 409 
Methyl radicals, reactions with aliphatic aldehydes, 2059, Jickel, com 
reaction with isopropyl and t-buty] radicals, 1609. complexe 





reactions with triethylamine and diethylamine, 448, sociati 
Methyl-radical additions, configuration of the transition state | ditertiary 
in, 3044, and nick 
Methyl isocyanide, prep. of compound with cuprous iodide, 1378. 
2095. Bis(ethy] 
Methylal, hydrolysis of, 4198. plexes, 
Methylation, of adenosine and adenylic acid, 539. Bis(triph 
diphenyl-, velocity and indicator measurements in boron nickel( 
trifluoride—-acetic acid, 2973. Cation [( 
Methylene groups, kinetics and mechanisms of condensation; | Chelatior 
with carbonyl groups (“‘ carbonyl—methylene conden. 2398. 
ations”’). Parts VI—IX, 2020, 2025, 2030, 2038. Di-(3-me 
Micrococcin P, chemistry of. Parts II—IV, 909, 916, 925. | Nickel(m 
Miracil D, polarography of, 4579. dian 
Mirestrol, light absorption and chemical properties, 3696. ethyn} 
bromo-, X-ray crystallographic determination of structure >| 
of, 3685. 526. 
Molar volumes, apparent, of electrolyte solutions in sulphuric | Midulin, @ 1 
acid, 845. (+)-Nimbi 
Molecular-orbital calculations for a class of condensed aromatic 
hydrocarbons, 3288. amino-c¢ 
Molecular-orbitals, non-empirical calculations, on benzene; | Nitramide, 
156. Hitration, « 
Molecules, conjugated, effect of deuteration on electron distri. Hitriles, 
bution and energy of. Part ITI, 630. prep. an‘ 
Molybdenum, ditertiary arsine carbonyls, action of halogens.\Witro-grou 
on, 1806. | simplific 
ditertiary arsine complexes of, 1803. Kitrogen, « 
hexacarbonyl, calorimetric and spectroscopic entropies of, | heterocy 
1438. atom 
Chloromolybdenum(m) complexes, 1007. perfluor 
a-Cyclopentadienyl-molybdenum carbonyls, prep., 1321. ing con 
Hexachloro-octa-y,-chlorohexamolybdate(11) ion, chloride —I 
exchange and bromide substitution of, 3106. sulphur 
Molybdate solutions, paper ionophoresis of sugars and} tertiary, 
cyclic polyhydroxy-compounds in, 4252. resin, 
Molybdenum(1) complex cyanides, decomposition of, 730. | Nitrogen, . 
Monosaccharides and their derivatives, sulphates of. Partl,| Boron-z 
prep., 4761. 5239. 
Muscarufin. Part III, 2833. Carbohy 
Mycological chemistry, studies in. Parts VI, VII, 785, 2160. | Dinitros 
Myrcene, dihydro-, thermal isomerisation, 161. wit 
additi 
anc 
N Dinitros 
pure, 
Naphthacene, absorption of plane-polarised light by, 5206. Hyponi 
calculated bond lengths in, 4851. Nitrate: 
irradiated in the vacuum region, photo-conductance in, 520. 613. 
Naphthalene, polysubstituted derivatives of, prep. by th] Nitrica 
Stobbe condensation, 849. 2 anhy 
Naphthalene, 1 -2’-biphenyly]-3,4-dihydro-, cyclohydrogenatia aque 
| of, 1687. Nitroge 
| Naphthalenes, 1,1-disubstituted 1,2-dihydro., kinetics of d pre 
hydrogenation of, 3133. syste 
|  methylthiomethyl-, substituted, reaction with methyl 47 
| iodide, 4747. 











|,-Naphthaquinone, 2-methyl.-, 
ed benz. | phites to form phosphates, 4682. 

fapbthimidazoles. Part III, 1837. 

Japhth(1,2 jimi 6,7,8,9-tetrahydro-, prep., 1837. 
ution op (4f-Naphtho(2’,1:2,3)pyran, 5,6-dihydro-6-methoxy-4,6-di- 

1-, prep., 5148. 

u-napbtbo(2’.1’: :2,3)pyran, 6,6-diphenyl-, prep., 5148. 

‘lectronie |qaphthopyrans and chromens, reaction with bromine. 
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i-Haphthylamines, 4-arylazo-, polarography, 4241. 
™monia, |j,7-Naphthyridine, prep. of some derivatives of, 3513. 
faphthyridines, ionisation constants and ultraviolet spectra of, 






1790. 
physico. ipmaahtagritines, 2-aryl-1’-methylpyrrolo(3’,2’-3,4)-, prep., 
1, 2927, 
aqueous 


927. 
059. 





eematin, prep., 4879. 

Butyl halides, halogenation of, 144. 

radicals from photolysis of n- valeraldehyde, 1602. 

Jeomenthylammonium ion, trimethy]-, anomalous elimination 
from, 4094. 

fiekel, complexes with diamines, dissociation of, 2895. 

complexes with racemic 2,3-diaminobutane, rates of dis- 

8. sociation in aqueous acid, 2901. 







ion state | ditertiary arsine complexes ‘of, 4379. 
and nickel ma tien ppt with tertiary diphosphines, 
8 iodide,| 1378. 
Bis(ethylenediamine)- and tris(ethylenediamine)-nickel com- 
plexes, dissociation of, 2901. 
Bis(triphenylphogphine _— oxide)dinitrato-complexes of 
in born}  nickel(11), 2276. 
Cation [(Ph,PO),Ni}**, properties, 1873, 
ensations | Chelation of nickel(m) with histamine and analogues, 
condens. 2398. 
Di-(3-methy1-1,5-diarylformazy1)nickel(11) complexes, 2087. 
6, 925. | Nickel(), complexes with N-isopropylidene-ethylene- 
diamine Schiff bases, 4409. 
3696. ethyny! and aryl derivatives, 1718. 
structire | Raney, degassed, action on quinoline and its derivatives, 
526. 
sulphuric | Sidulin, a metabolite of Aspergillus nidulans, 4829. 


(+)-Mimbiol methyl ether, prep., 4766. 

Minhydrin, formation of yellow condensation products with 
amino-compounds, 3412. 

Hitramide, decomposition in nitrobenzene, 3834. 

Hitration, of p-terphenyl, 1547. 

Hitviles, co-ordination compounds with boron trichloride, 
prep. and properties, 2178. 

Kitro-group, replacement of diazonium group by. Part VI, 
simplifications in technique, 894. 

Nitrogen, carcinogenic compounds of. Part XX VII, 4500. 


opies of, | heterocyclic compounds of. Part III, 360. 
atom and bond populations in, 1946. 
perfluoroalkyl derivatives of. Parts VII, VIII, 1151, 1398. 
1321. oo ges of, reactivity of alkylthio-group in. Parts 
chloride —IV, 1529, 1537, 5062. 
sulphur compounds of. Part I, 4236. 
ars and} tertiary, sub-micro-determination by using an ion-exchange 
resin, 2473. 
of, 730. | Nitrogen, Azide—nitrite reaction mechanism. Part IV, 1702. 


Part I, ne compounds, open-chain, infrared spectra of, 
5! 
Carbohydrate nitrates, infrared spectra, 953. 
Dinitrogen tetroxide, viscosity of, and of its binary mixtures 
with organic solvents, 1783. 
addition compound with copper nitrate, thermal stability 
and solution properties, 1468. 
Dinitrogen trioxide. Parts II, III, 4796, 4799. 
pure, freezing point, 4796. 
Hyponitrite ion, normal co-ordinate analysis of, 687. 
— anhydrous transition-metal, infrared spectra of, 


, 2160. 


Nitric acid, microwave spectrum of, 1523. 
anhydrous, reactions of, 648. 
aqueous, Hammett acidity function in, 3589. 
Nitrogen dioxide, mixtures with nitric oxide, vapour 
pressure of, 4799. 
— with dinitrogen trioxide, freezing point data in, 





Nitrosyl perchlorate, reaction with copper, 3705. 
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reaction with dialkyl phos- Nitrogen, Nitrous acid, and water, oxygen exchange between, 
304. 
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equilibrium with dinitrogen trioxide in aqueous per- 
wv ehteuis acid, 
Nitrous oxide, kinetics of oxidation of ethylene by, 3722. 
Nitrosamines, fluoroacylaryl-, reactions, 2735. 
oe trans-dimeric, thermal decomposition of, 
Non-electrolytes, transport of,. through ion-selective mem- 
branes by electro-osmosis, 620. 


| Normal cc-ordinate analysis, of the hyponitrite ion, 687. 


Nothofagus species, occurrence of dihydrokempferol in, 2560. 

n-Pentyl bromide, unimolecular decomposition, 184. 

n-Propyl bromide, solvolysis and rearrangement under the 
influence of mercury salts in slightly aqueous formic acid, 
4940. 


Nucleophilic displacements in organic sulphites. Part VII, 
5138. 


reagents, reactions with a-cyanobenzy] bromide, 456. 
Nucleotides. Part XLV, 4678. 
Nyctanthic acid, constitution, 1900. 
structure, 2016. 


oO 


Octadecanoic acids, oxo- and hydroxy-, prep., 1502. 
A® “° .Octalin-1,6-dione, 9-methyl-, reduction of, 2680. 
A*-Octal-l-one, prep. from trans- deca- 5,9-dienoic acid, 5219. 
Odyssin A, prep., 3489. 
Cstrogenic substance (mircstrol) of Pueraria mirifica, light 
absorption and chemical properties, 3696. 
Olefin elimination, bimolecular, steric strain in, 4054. 
Olefins, conformationally fixed. Parts I, Il, 3892, 3895. 
addition reactions under acid conditions, kinetic isotope 
effects in, 4571. 
compounds with diboron tetrachloride. 
2075. 
hydration of, mechanism, 4203. 
kinetics and mechanisms. of addition of acids to. 
1292. 
Olefinic additions, with asymmetric reactants. Part V, 1195. 
carbon, nucleophilic substitution at, 2349. 
substances, kinetics and mechanisms of additions to. 
Parts VI, VII, 2467, 3823. 
linear free-energy relations in reactions of, 3823. 
Oligosaccharides, derived from laminarin, 175. 
Optical activity, in compounds with restricted rotation, 
racemisation data for, 490. 
Optical behaviour of electrolyte solutions, 5226. 
Optical rotatory dispersion. Part I, 871. 
Optical rotatory power, and molecular structure. Part I, 9. 
Organometallic compounds. Part I, 4130. 
of Group II. Part IT, 3319. 
Ormosia dasycarpa Jacks., alkaloids of, 41. 
Orthanilic acid as redox indicator, 4225. 
Osazones, substituted, debromination and oxidation of, 3993. 
Osmium, fluorides, 2618. 
tetroxide, reaction with ammonia, 2775. 
Osmate( v1) ion, structure, 973. 
Osmosis. Behaviour of representative aqueous salt solutions 
at 100°, 2730. 
Osmotic coefficients, of electrolyte solutions in sulphuric 
acid, 837. 
Ostreogrycin (E129) complex, antibiotics from. Part I, 2286. 
Ostreogrycin B, (antibiotic E129B), structure of, 2286 
Oxazolid-2,4-diones, 3-substituted, prep., 983 
A? —* 2-methyl-, transformations in aqueous solution, 


Parts I, II, 43, 


Part |, 


Rs related to acylglycines, prep., 3457. 
uinazolines, 3551. 





Oxazolo[2,3-b]q 

Oxetans from m< Iphony] esters of 1,3-diols, 3575. 

Oxidation of gaseous cycloalkanes, influence of structure on 
the rate of, 3098. 


of metal ions by cobalt(r) in aqueous perchloric acid, 31. 
Oxidations of glucose and acetoin, kinetics, 2392. 
of organic compounds by cupric salts. Part I, 2392. 
of organic compounds with vanadium(v). 
2761, 2767, 2772. 


Parte Iv—VvI, 
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, Phenols, hindering effect of alkyl groups on hydrogen bonding 


Oxides, diazo-, from coupling of toluene-p-sulphonazide with 
phenoxide ions, 4417. 
N-Oxide rearrangement, mechanism and scope of, 3371. 
N-Oxides and related compounds. Part XVII, 2937. 
Oximes, interaction with boron halides, 2141. 
from acetoacetamides, ultraviolet spectra, 900. 
Oxonols, prep. and electronic absorption spectra of homo- 
logous series of, 3812. 
Oxyanions, and their esters, photolysis of, in glasses, 977. 
of transition metals, structure and reactivity. Parts VII — 
X, 284, 290, 889, 973. 
protonated, acidities and spectra of, 290. 
Oxygen, exchange of, between nitrous acid and water. Part 
II, 304 


, 304. 
exchange of, between water and carboxylic acids, 3364. 
organic compounds of, thermodynamic properties. Part IJ, 

5246. 
Oxygen-18, use as tracer in periodate oxidations, 1593. 
Oxygen-18 as tracer in the elucidation of the von Richter 
reaction, 1318. 
18Q-Labelled nitromethane, infrared absorption, 1246. 
18(-Labelled salts, infrared absorption of. Part I. Silver 
nitrite and potassium nitrate, 1242. 

Ozonolysis of polynuclear aromatic hydrocarbons. Part IJ, 

3230. 


P 


Palitantin, structure of, 866. 
Palladium, ditertiary arsine complexes of, 4379. 
Organopalladium compounds, 2008. 
Palladium(11), sulphito-compounds, 2620. 
Pectin of sugar beet, alkali-stable polysaccharide of, 16. 
Penicillium patulum, metabolic products of, 4628. 
Penta-1,2-dien-4-yne, prep. and reactions of, 341. 
Pentaerythritol, di-O-methylene-, reactions with carboxylic 
acids and trifluoroacetic anhydride, 2917. 
Pentane-2,4-dione, 1-fluoro-, prep., 1435. 
Penta-1,2,4-triene, prep. and reactions of, 341. 
Pentyl. See n-pentyl, t-pentyl. 
Peptide synthesis, racemisation during, 3902. 
Peptides. Part X, 968. 
(containing acetylserine residues) related to the active centre 
of chymotrypsin, 3328. 
phosphorylated, prep. by eg ee 5257. 
Peptides and amino-acids. Part III (C. H. Hassall et al.), 4112. 
Part XV (N. A. Smart et al.), 3902. 
and amino-acids, cyto-active. Part VIII, 3658. 
Perhydroanthracenes, prep. involving reduction of thioketals, 
4413. 
Periodate oxidation. Part V, 3532. 
Periodate-oxidised cellulose, infrared spectra of, 3147. 
Peroxides, reactions of, in NN-dimethylformamide solution. 
Part IT, 4490. 
organic. Parts III, IV, 3203, 4897. 
Perylene, calculated bond lengths in, 4851. 
2,8- and 3,9-dimethyl-, prep., 410. 
Perylenes, methyl-. Part II, 410. 
Pethidine, new analogues of. Part IV, cyclic ether sub- 
stituents at the 1-position, 2103. 
Phenanthrene, strong hydrogen bonding between methoxy] 
and hydroxyl substituents in the 4,5-positions of, 1950. 
hydro-, prep. of derivatives, 1571. 
5,10b-ethano-, absolute configuration of 
alkaloids from, 1090. 
Phenanthridine, 5,6,7,8-tetrahydro-, derivatives, 263. 
4,7-Phenanthroline, reduction of, 4583. 
octahydro-, prep., 4583. 
tetrahydro-, prep., 4583. 
Phenol, pure, prep. and physical properties, 5246. 
nitrosation in aqueous perchloric acid, kinetics, 4827. 
and p-substituted derivatives, molar Kerr constants of, 
1825. 
2,4,6-trimethyl-, silver-catalysed persulphate oxidation of, 
1339. 


Phenols, association of, 4906. 
biosynthesis. Part IT, 4838. 
dipole moments, and sorption characteristics of, 55. 


| 





in, 486. 
spectroscopic studies of. Part II, 5100. 
dimethyl-, silver-catalysed persulphate oxidation of, 1339 
substituted, dipole moments in benzene, 4265. : 
Phenoxide, p-nitro-, ion, interaction with N-chloro- N-methyl. 
benzamides and N-chloro-N-methylt Iph id 
3717. { 
Phenoxide ions, coupling with toluene-p-sulphonazide, 447, 
Phenoxy! radical, 2,4,6-tri-t-butyl-, reactions, 238. 
Phenyl radicals, reactions with carbon tetrachloride, chlor. 
form, and bromoform, 79. 
reactions with esters, 88. 
ortho-substituted, reactions with, 3769. 
Phenylation of pyridine by electrolysis, 3787. 
o-Phenylenediamine, reaction with «f-unsaturated acids and 
with B-keto-esters, 308. 
** Phospho-enol-fluoropyruvic acid ’’, ester, and related com. 
pounds, 462. 
Phospholipids. Part VI, 4232. 
Phosphorus, cyclic compounds of, infrared and nuclear mag. 
netic resonance spectra, 4376. 
heterocyclic compounds of, synthesis and stereochemistry, 
Part I, 5034. i 
trihalides, system with carboxylic acids. Part II, 1249, 
1-Alkoxycarbony]-2-fluoroviny] dialkyl phosphate [“ Phos. 
pho-enol-fluoropyruvic acid ’’}, ester of, 462. 
Ary] phosphates, interaction with boron trihalides, 726, 
Aryl phosphorochloridates, interaction with boron tr. 
halides, 726. 
Bis(triphenylphosphine oxide)dinitrato-complexes of cobalt. 
(11), nickel(11), copper(1), and zinc(11), 2276. 
Cephalins, prep., 4232. 
Cyclic and linear phosphonitrilic chlorides, prep., 2542. 
Cyclotetraphosphazatetraene, octaphenyi-, heat of com. 
bustion, 4649. 
Cyclotriphosphazatriene, hexacyclohexyloxy-, heat of com. 
bustion, 4649. 
hexamethyl-, heat of combustion, 4649. 
2-Deoxy-p-glucose 1-phosphate, £-2-amino-, derivatives of, 
4678. 
Dialkyl alkylphosphonates, conductance of solutions in, 
1671 





Dialkyl or diary] hydrogen phosphites, interaction with 
boron chlorides, 4037. 

Dialky]l and diary] phosphorochloridites, action of hydrogen 
sulphide on, 881. 

Dialkyl and diary] thiophosphites, new prep., 881. 

Dibenzyl trans-2-hydroxycyclohexy! phosphate, solvolysis 


of, 406. 

00’-Diethy] hydrogen phosphorothioate, prep. and isomers. 
ation of basic esters of, 637. 

P'P".Diethyl pyrophosphate ion, function in phosphoryl. 
ation, 1155. 

N-Dihydroxyphosphinylphosphoramidate, diphenyl, 
hydrolysis of, 4672. 

Dimethy] phosphate, hydrolysis of, 3293. 

Diphosphine disulphide, 1,2-dimethy]-1,2-diphenyl-, X-my 
investigation of two isomeric forms of, 523. 

N-Ethyltrimethylphosphine imine, heat of hydrolysis, 
3284. 


N-Ethyltriphenylphosphine imine, heat of hydrolysis, 32%. 

Indium phosphates, phase diagram, ion-exchange, and pil 
titrations, 2452. 

Isopropyl methylphosphonofluoridate, prep. and physic 
properties, 1553. 

Methyl glycoside phosphates, prep., 3762. 

‘* Monoacetyl phosphite ’’, structure, 1948. 

Mono- and di-alkyl phosphites, oxidation of, 4229. 

Organophosphorus compounds, reactivity of. Part Ill 
2248. 

Organophosphorus compounds of sulphur and _ selenium 
Parts XTIT—XV, 881, 885, 1665. 

o-Phenylenedi(tertiary posphines) and a tri(tertiary phe 
phine), prep., 3324. 

Phosphates, ion-exchange studies of. Part IV, 460. 
formed from dialkyl phosphites and 2-methy]-1,4-naphth 

quinone, 4682. 

organic, reactions of. Part IIT, 3293. ‘ 





of, 1339, 


y-methyl. 
namides, 


e, 4417, 
8, chloro. 


acids and 
ted com. 


lear mag. 
hemistry, 


» 1249, 
, [‘* Phos. 


3, 726. 
ron tri- 


of cobalt. 
2542. 
of com- 


at of com- 
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phate and S-2-diethylaminoethyl diethyl phosphoro- | 


thioate, decomposition of, 2248. 
Phosphatidic acids, prep., 4232. 
Phosphine oxides, effect of complex-formation on P-O 

stretching frequencies of, 2199. 
complexes of. Part I, prep. 


and properties of 


{(Ph,PO),Ni}**, 1873. Part II, prep. and properties | 


of [(PhsPO),M}"*, 1878. Part Ili, 2276. 


Phosphonate esters, mixtures with heptane, conductance of | 


solutions in, 1679. 


Phosphonitrilic derivatives. Parts I—II], 2542, 2548, 


3608. 
Phosphonitrilic fluorides, prep., 3608. 
Phosphonitrilic halides, structure, 2423. 
Phosphonochloridates, and related compounds, hydrolysis 
mechanism. Part I, effect of substituents, 1859. Part 
II, effect of solvent, 1865. 
Phosphoramidic acid, N-benzoy]-, hydrolysis of, 4672. 
Phosphoramidic acids, N-acyl-, hydrolysis of. Part III, 
4672. 
Phosphorus-oxygen stretching frequencies in phosphine 
oxides, effect of complex-formation on, 2199. 
Phosphorus(v), mixed halides of. Part IIT, 4126. 
Phosphorylated peptides, prep. by transphosphorylation, 
7 


5257. 

Phosphorylated sugars. Parts I, II, 3758, 3762. 

Phosphoserine, prep. by transphosphorylation, 5257. 

Phosphourethane, kinetic tracer studies of hydrolysis of, 
419. 

Pyrophosphate synthesis, keten imides as reagents in, 4511. 

Pyrophosphory] chloride, prep. from phosphoric oxide and 
phosphorus pentachloride, 3673. 

Tertiary diphosphines, reactions with nickel and nickel 
carbonyl, 1378. 

Tertiary phosphines, complexes with nickel(1) ethynyls and 
aryls, 1718. 

Tetra-alkyl thiopyrophosphites, new prep., 881. 

Tetrachlorophosphonium pentachlorofluorophosphate, 4126. 

Tetrakis(triphenylphosphine)-silver(1) and -copper(I) com- 
plexes, 5267. 

Trialky] phosphites, interaction with boron trichloride, 3170. 
reaction of organic diselenides with, 885. 

Triethyl phosphate, heat of formation and bond energies, 
1622. 

Triethyl phosphite, conductance in, 3161. 

Trimeric phosphonitrilic chloride, structure, 2548. 

Trimethylphosphine oxide, heat of formation, 3284. 

Triphenylphosphine, heat of formation and bond energies, 

1622. 


reaction with 1-bromo-1-nitroalkanes, 2976. 
Triphenylphosphine oxide, heat of formation and bond 
energies, 1622. 
Triphenylphosphine sulphide and selenide as ligands, 1959. 
Triphosphate complexes, with copper, ion exchange and 
pH studies of, 460. 
Phosphorylation. Parts XIX—XXI, 1155, 4229, 4511. 


‘Photochemical transformations. Parts VI-IX, 1, 511, 1900, 
4596 


Photochemistry. Oxidation of sulphur chloride pentafluoride, 
2774 


Photo-conductance in anthracene and naphthacene irradiated 
in the vacuum region, 5200. 

Photo-current, surface, of solid anthracene, effect of oxygen 
on, 5179. 

Dhaiad, 


ss 





p of diphenyliodonium iodide, 2078. 
Photo-emission of electrons from crystals of aromatic hydro- 
carbons, 5192. : 
Photolysis, liquid phase. Parts II-IV, 1788, 2003, 4791. 
of oxyanions and their esters, in glasses, 977. 
of triethylamine, 448. 
of n-valeraldehyde, 1602. 
, 1,4-dimethoxy-, prep., 1710. 
Phthalhydrazide, O- and N-methyl derivatives of, prep., 1710. 
Phthalic anhydride, reaction with 2,4-dinitrotoluene in di- 
methylaniline, 894. 
anine, crystal spectra, 167. 


— reaction with dimethyl acetylenedicarboxylate, 
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Picrotoxin. Part VIII, 4011. 
and tutin. Part X, 1965. 
Picrotoxinones, «- and f-, 4011. : 
Pinacols, mixed, prep. and reactivities, 1045. 
(+)-a-Pinene, asymmetric hydrogenation of, 1195. 
— infrared spectra and structures of metal complexes 
of, 5105. 
1,4-dimethyl-, infrared spectra and structures of metal 
complexes of, 5105. 
Piperazines substituted, conformations in benzene solutions, 
2161. 
Piperidine, addition compounds with gallium tribromide, 353. 
complexes, with boron trichloride, 1130. 
3,4-cycloheptano-, and related compounds, prep., 3445. 
Piperidines, hydroxy-, isomeric, 2704. 
substituted, conformations in benzene solutions, 2161. 
Pivalaldehyde, t-buty] radicals from the pyrolysis of, 4218. 
Plane-polarised light, absorption by naphthacene, 5206. 
Platinum, specific effects of oxide carriers on the catalytic 
activity of, 1995. 
complexes with dimethyl-o-(methylthio)phenylarsine, 1071. 
ditertiary arsine complexes of, 4379. 
tetrafluoride, attempted reduction with selenium tetra- 
fluoride, 3419. 
Alkylplatinum complexes, infrared spectra of, 2047. 
Hexahalogenoplatinates, relative stabilities, 3431. 
Iodoplatinate, exchange with iodide, 187. 
Platinum(1), amine complexes of, NH stretching bands and 
conformations, 3841. . 
Isomerism and isomerization of thio-bridged complexes 
of, 2807. 
Podocarpic acid, elaboration products of, 50. 
Polarisability, of alkyl groups, in nucleophilic replacements, 
1347. 


molecular, 119, 123, 128, 1812, 1814, 1820, 1825, 2161, 3600. 
of polyethylene glycols in benzene, 2890. 
Polarisations, of viny! acetate and polyvinyl acetates, 1814. 
dielectric, of alcohols as solutes, 108. 
Polarographic reduction of aromatic hydrocarbons and 
carbonyl compounds in dimethylformamide in presence 
of proton-donors, 385. 
of tetraphenylcyclopentadienone, 465. 
Polarography of 1-amino-4-methylthioxanthone, 4579. 
of 4-arylazo-1-naphthylamines, 4241. 
of manganese, technetium, and rhenium, 71. 
of Miracil D, 4579. 
of quinoline derivatives. Part VII, 3221. 
Polyacetylenic glycoside of Basidiomycete B—841, 2280. 
metabolites of Drosophila subatrata, 2257. 
Poly(acrylic acid), electrophoretic mobility and viscosity, 
3581. 


Polyazaindenes, structure of. Part VI, 1829. 
Polycyclic systems. Part VI, 1571. 
Polyenes. Part VII, 3812. 
nuclear magnetic resonance spectra of methyl groups of, 
2870. 
conjugated, inhibition of proton transfer to, by terminal 
phenyl groups, 891. 
diphenyl-, anisotropies of, 1820. 
Polyester from  1,3:2,4:5,6-tri-O-methylene-p-glucitol 
adipic acid, 2914. 
Polyethylene, nuclear magnetic resonance in, 273. 
Polyfluoro-compounds, aromatic. Part VI, 4754. 
Polyhydroxy-compounds, paper ionophoresis in molybdate 
solution, 4252. 
Polymerisation of acrylonitrile and methyl methacrylate by 
monosodium benzophenone, 3357. 
of a-methylstyrene at high pressures, ceiling temperature, 
3849. 
of some substituted styrenes, ceiling temperatures, 2778. 
of vinyl monomers, metal ketyls as initiators of, 3357. 
Polymerisation, anionic, of styrene: conductivity measure- 
ments, 5234. 
Polymers, interpenetrating networks of, 1311. 
Poly(methacryliec acid), electrophoretic mobility and viscosity, 
3581. 
Polymethylene, nuclear magnetic resonance in, 273. 
dichlorides, dibromides, di-iodides, and dicyanides, physical 
properties and chemical constitution, 4728. 


and 
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Poly(methyl methacrylates), molecular-weight distribution in, 
3963. 


Polymorphism and mesomorphism in simple derivatives of 
p-terphenyl, 2699. 
Polypeptides. Part V, 3328. 
Polypurines. Parts I, II, 3394, 3682. 
Polysaccharide, starch-type from Chilomonas paramecium, 
molecular structure, 556. 
me yo oe the green seaweed Caulerpa filiformis. 
Part II, 
starch- hom — of Z-enzyme on, 2602. 
Porphyrin complexes with cobalt, prep., 2979. 
Potassium, blue “ solutions ’’ in ethers, 4283. 
methoxide, physicochemical properties, 4270. 
pyrosulphate, crystal structure, 5112. 
me, 17a-acetoxy-16- methylene-, 2385. 
Pressure, effect of, on ionization of benzoic acids, 247. 
Pristimerin. Part III, 549. 
chromophore of, modified structure for, 549. 
Propane, 1,2-epoxy-3-phenoxy-, reaction with benzylamine, 
3497. 


1,2-epoxy-3-phenyl-, reaction with benzylamine, 3497. 
Propan-2-ol, desorption of, from metal oxides, 332. 
Propionaldehyde, ethyl radicals from, 1611. 

Propionic acid, reaction with alkylboron chlorides, 5264, 

a-amino-f-1- Se » prep., 5272. 

8-9-fluorenylidene-, prep. and properties, 781. 

B-(2-hydroxy-p-toluoy])-, structure of, 3420. 

—_ acids, B-aroyl-. Parts XV—XVII, 2309, 2556, 


p- aoe -2- and f-aryl-, prep. and lactonisation, 2309. 
Propylene sulphides, 3665. 
(+)-Propylenediamine, resolution by a stereospecific reaction, 
5266. 
Proton transfer, to conjugated polyenes, inhibition of, by 
terminal pheny] groups, 891. 
Prototropic equilibria involving 4(5)-nitroglyoxaline, 1352. 
Protozoa, studies on the metabolism of. Part VIII, 556. 
(+)-Psychotrine, O-methyl-, stereospecific synthesis of, 717. 
Pteridine studies. Parts XI, XII, 1370, 1978. 
4-amino-, methylation of, 1978. 
2-hydroxy-, alkali decomposition of, 1370. 
Pteridines, biosynthesis. Parts I, II, 4768, 4776. 
8-glycityl-, prep., 5041. 
styryl-, prep., 1113. 
Pueraria mirifica, the cestrogenic substance (mircestrol) from, 
3696. 
Pulvinic acid, bromo-derivatives, prep. and stereochemistry, 
2134. 
Pump, gas-circulating, for operation over a wide range of 
pressure, 5263. 
Purine, attempted prep., anomalous ring-closure in, 899. 
2,3-dihydro-3,7-dimethyl-2-oxo-, prep. from theobromine, 
3679. 
2-pyrrolidino- and 2-piperidino-, 2782. 
— 9-dialkylaminoalkyl-, prep., 327. 
9-glycityl-, prep., 5041. 
7-glycosyl pe ps Part I (from purines), 4347. Part II 
ne Coen from — 4358. 
poly-. II, 3394, 3682 
styryl-, on 1113. 
Symmetrical ‘1w-di-9-puriny|-ethanes and -hexanes, 3394. 
Purine-8-carboxylic acid, 4705. 
Pyranols, hydro-, infrared spectra, 4565. 
Pyrazines, 3-substituted, prep. and tautomerism, 242. 
Pyrazoles, addition reactions with methyl acetylenedicarboxyl- 
ate, 2138. 
a-Amino-8-1-pyrazolylpropionic acid, prep., 5272. 
Pyrazolecarboxylic esters, «-substituted styryl-, prep., 1426. 
Pyrazolidine, 3-imino-5-oxo-1,2-diphenyl-, prep. and re- 
actions, 1989. 
. Parts I, IT, 1989, 2536. 
3-imino-5-oxo-1,2-diphenyl-, acy] derivatives, 2536. 
Pyrethrosin, a sesquiterpenoid, 2263. 
— addition compounds with gallium tribromide, 


a with boron trichloride, 1130. 
derivatives of, physical properties, 4454 
phenylation by electrolysis, 3787. 





Pyridine, 4-amino-, derivatives of, prep., 4953. 
3,4-cyclopenteno-, reduction products of, 1575. 
4-nitro-, derivatives of, prep., 4953. 
Pyridines, addition reactions with dimethyl] acetylenedicarb. 
oxylate, 1691. 
amino- and nitro-phenyl-, basicities of, 1511. 
2-, 3-, and 4-ethoxycarbonyl-, kinetics of alkaline hydro. 
lyses, 1171. 
halogeno- and cyano-, dipole moments, 4723. 
hydroxy-, in aqueous solution, vibration spectra and stm. 
tures, 1221. 
hydroxy-, hydrochlorides of, vibration spectra and str. 
tures, 1226. 
sodium derivatives of, vibration spectra and structurs, 
1232. 


phenyl-, and their 3’- and 4’-nitro- and -amino-derivatives, 
4901. 


4-styryl- and 4-phenylethynyl-, prep. and basicities of, 1516, 
4-p-substituted styryl- and phenylethynyl-, and ther 
l-oxides and benzenoid analogues, ultraviolet spectra, 
2954 


Pyridine 1-oxides, amino- and nitro-pheny]-, basicities of, 151], 
2-, 3-, and 4-ethoxycarbonyl-, kinetics of alkaline hydro. 
lyses, i171. 
mercapto- and acylamino-, tautomerism of, 2937. 
and their 3’- and 4’-nitro- and -amino-derivatives, 490]. 
Pyridinium halides, alkyl-, substituent effects on formation 
rate of, 1885. 
Pyridino-oxazolium hydroxide, anhydro-, ring fission of a 
mesoionic compound derived from, 1945. 
Pyridones, infrared absorption, 2947. 
2-Pyridone-4-carborxylic acids, 3-cyano-6-styryl-, ethyl esters, 
prep. and degradation products, 1430. 
Pyridthiones, infrared absorption, 2947. 
Pyrimidine, 5-hydroxy-, and related compounds, prep., 4590. 
Pyrimidines. Part XI, 4590. 
4-amino-5-nitro-, conversion into purines, 2782. 
2-fluoromethyl-, prep. from fluoroacetamidine, 463. 
hydroxy-, in aqueous solution, vibration spectra and struc. 
tures, 1221 
hydrochlorides of, vibration spectra and structures, 1226. 
sodium derivatives of, vibration spectra and structures, 
1232. 
Pyrolysis, studies in. Part XV, 4141. 
of organic bromides. Part XIV, 184. 
— 3-acetyl-5,6-dihydro-4- hydroxy- 6-methyl-, prep, 


nao Part I, 502. 
hydroxy-, methyl ethers of, prep., 502. 
Pyrroles, 3-diazo-, 3270. 
2H-Pyrroles, prep., 2108. 
Pyrrolidine alcohols, derivatives of, as local anzsthetics, 1036. 
= 2’-3,4)-1,8-naphthyridines, 2-aryl-1’-methyl-, prep, 


Pyrrolol 2,3-d pyrimidines, 131. 


Q 
Quaternary salts of 2,2’-bipyridyl, bridged, stereochemistry, 
2498. 


0,0’-Quaterphenyl, cyclodehydrogenation, 4522. 
Quaterrylene, calculated bond lengths in, 4851. 
line, 2-amino-, derivatives of, 3540. 
4-substituted, quaternary salts of, 5062. 
Quinazoline ethers, rearrangements of, 3546. 
Quinoline, and derivatives, action of degassed Raney nick 
on, 526. 
5- and 8-bromination of, 561. 
1,2-dihydro- and 1,2,3,4-tetrahydro-, prep. of derivative 
of, 2053. 
Quinolines, 6-n-alkyl-8-hydroxy-, prep., 5097. 
2-alkylamino-4-hydroxy-, prep., 3675. 
monosubstituted, infrared spectra, 2942. 
“Lm. -5-, -6-, and -7-carboxylic acids, reduction wat 
of, 3221 
Quinolizines. Part IV, 4101. 
4H-Quinolizine-1,2,3,4-tetracarboxylate, tetramethyl-, hyd 
lysis to indolizines, 4600. 
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jum salts, l-amino-, prep., 4101. | Rotation, restricted, racemisation data for optically-active 
action of diazotised anthranilic acid on, 2833. compounds with, 490. 
| Quinones, cyclodehydrogenation of acids and alcohols by, = dispersion curves, of two irans-hexahydroindanones, 
enedicarb. 3138. . 
dehydrogenation of hydroaromatic hydrocarbons by, 3110. | Rutaceae of Hong Kong, examination of. Part V, 4654. 
dehydrogenation of ‘‘ blocked ’’ hydroaromatic compounds | Ruthenium tetroxide, reaction with ammonia, 2775. 
ine hydro. by, 3123. Per-ruthenate ion, alkaline decomposition of, 284. 
derived from sulphonamides, 769. Ruthenate(v1) ion, structure, 973. 
effect on y-irradiation of cyclohexane, 2225. Sodium and lithium hexafluororuthenates(v), prep., 907. 
and str. | formation from naphthyldiphenylmethane derivatives, in- 
fluence of substitution on, 2272. 
and strue. | reactions with unsaturated amines. Part II, 1555. 8 : 
Quinones, polycyclic, prep. of fluorene derivatives from, 
structure, | 1488. Sacc formation of, mechanism of. Parts I—IV, 
Quinoxaline-2-carboxyanilide, 3-hydroxy-, and its N-methyl 1924, 1932, 1938, 1944. 
erivative, | derivatives, oxidation of, 3386. Salicylic acid, reactions with phophorus trihalides, 1249. 
Quinoxaline-2-carboxylic acid, 3-hydroxy-, and derivatives, | Salicylideneimines, N-substituted, complexes with cobalt(mz), 
es of, 1516, | reduction with sodium dithionite, 3384. 4944, 
and their Salsolidine, correlation of the absolute configuration of, 1214. 
ot spectra, Salsoline, correlation of the absolute configuration of, 1214. 
R Sandoricum indicum, katonic acid, a triterpene from, 4738. 
es of, 151], Sarin, prep. and physical properties, 1553. 
ine hydro. | Recemisation data, for compounds owing their optical activity | Saturated carbon atom, mechanism of substitution at. Part 
to restricted rotation, 490. LXI, 4400. 
yBadiation. See Gamma-radiation. s-Butyl group attached to an aromatic ring, infrared vibrations 
4901. | Radiation chemistry of carbohydrates. Parts V, VI, 3398, of, 2934. 
formation | 3404. Schiff bases, aliphatic, transition-metal complexes with. Part 
Radicals, aryl, reactions with aliphatic compounds. Parts I, I, 4409. 
sion of 3 I, 79, 88. Schistosomicidal agents, potential, prep., 3163. 
free, from the action of y-rays on solid glycine, 1869. Sedimentation potentials. Part II, 2186. 
Radiochemistry, of the prep. of pyrophosphory] chloride from | Selenium, organophosphorus compounds of, 881. 
hy] esters, | phosphoric oxide and phosphorus pentachloride, 3673. tetrafluoride, attempted reduction of rhodium and platinum 
Raman effect and solvent extraction. Part I!, 4473. tetrafluorides with, 3419. 
Raney catalysts, toxic effects of pyridine and 2,2’-bipyridy] on, Alkali selenides, lattice energies, 516. 
ep., 4500. | 4438. Organic diselenides, reaction with trialkyl phosphites, 885. 
Rauwolfia perakensis, alkaloids in roots of, 1394. Triphenylphosphine selenide as a ligand, 1959. 
Reactivity, aromatic. Parts VIII—X, 179, 1480, 1566. Self-dissociation equilibria of sulphuric acid, temperature- 
3. Rearrangement, acid-catalysed, of alkyl arylethers. Part IV, dependence with heats of autoprotolysis and ionic self- 
and struc. 959. dehydration, 4320. 
dienone—phenol, of 11-oxygenated A!.*-steroidal 3-ketones, | Sepeerine, isolation and structure, 2739. 
ures, 1226, 4664. Serine, acetyl-, peptides related to the active centre of chymo- 
structure,j| molecular. Parts IV, V, 520, 1286. trypsin, 3328. 
of tertiary amines. Parts I, I], 3340, 3346. Sesquiterpenoids. Part II (H. H. Appel et al.), 4685. Part 
an N-oxide, mechanism and scope, 3371. XII (D. H. R. Bartan et al.), 2263. 
thermal, of benzyl phenyl ether, 1286. p-(—)-Shikimie acid, stereospecific total synthesis, 1560. 
rl-, prep, } Reduction, cathodic, in prep. of mixed pinacols, 1045. Silicon, hexamethyl compounds of, Raman spectra, 506. 
metal-, of vicinal epoxides, effect of a hydroxyl group, 3571. polyfluoroalky] compounds of. Part V, 4503. 
Reformatsky reaction on tetralones and indanones, 4115. tetrachloride, chlorosiloxanes from reaction with oxygen, 
Refraction, molar, electronic correlation of, 459. 5088. 
Refractivities, molecular, characterisation of cyclic com- trans-Dipyridinetetrachlorosilicon, crystal structure, 366. 
pounds by, 4135. Poly borosiloxanes, prep. and irradiation of, 2252. 
tics, 1036. | Relaxation times, dielectric, for normal alcohols in carbon Silane, trichloro-, reaction with chlorotrifluoroethylene, 
yl-, prep, | tetrachloride and benzene, 115. 4503. ™ 
Replacement, aromatic nucleophilic. Part VII, 4543. Silanes, alkoxy-, reaction with boron trichloride, 4701. 
Retrosine, an alkaloid from Senecio discolor, D.C., 2375. alkoxytrimethyl-, interaction with thiony] halides, 2776. 
Rhenium, polarography of, 71. alkylthiotrimethyl-, prep., 4406. 
some complex compounds of, 4121. iodo-, prep. from phenylchlorosilanes, 3415. 
complex cyanides of, 1374. phenylchloro-, conversion into iodosilanes, 3415. 
new fluorides and oxyfluorides, prep., 1099. trisubstituted, nuclear etic resonance spectra. 
chemistyy,} Dialkyldithiocarbamate complexes of rhenium(m1), prep., Electronegativity of substituents, 5132. 
5275. Siloxanes, chloro-, from reaction between oxygen and 
Rhizopus nigricans, hydroxylation of 4-methyltestosterone silicon tetrachloride, 5088. 
with, 3872. ; Sily] radicals, halogen abstraction by, 4503. 
Bhodium, complexes with dimethyl-o-methylthiopheny]l- Sily] trifluoromethyl sulphide, prep., 3516. 
arsine, 3181. Silk-worm, ecdysis-skin wax. Part I, 1410. 
é tetrafluoride, attempted reduction with selenium tetra- | Silver: 
ney nick? fluoride, 3419. Cell: Ag|AgCl|HCl|glass electrode, at 0°, 4441. 
Riboflavin, prep. (R. M. Cresswell et ajJ.), 4768; (J. Davoll Ethylsilver : kinetics of decomposition in solution, 3923. 
a et al.), 5041. Tetrakis(triphenylphosphine)silver(1) complexes, 5267. 
lerivativ® } Riboflavin 2-imine, prep., 5041. Skraup reaction, with 2-aminobiphenyl, 905. 
Ribonucleic acid, hydrolysis of, 1184. Sodium methoxide, physicochemical properties, 4270. 
Ribose, and its derivatives. Part IX, 3885. Solanum alkaloids. Part XIV, 3417. 
a-derivatives, use of carbony] esters in prep., 3885. Solids, active, prep. by thermal decomposition. Part XI, 1162. 
Ring closure, anomalous, in attempted purine prep., 899. Solution processes, studies of. Part IV, 211. 
tion wav} Ring enlargement, in the reduction of nitrocycloalkanes, 1187. | Solvent, effect of composition of, on the kinetics of reactions 
Ring fission of two mesoionic compounds of the anhydro- between ions and dipolar molecules. Part IT, 1453. 
thiazolium hydroxide and -pyridino-oxazolium hydroxide | Solvent extraction and Raman effect. Part II, 4473. 
type, 1945. Solvent shifts, of fluorine nuclear magnetic resonance spectra, 
Ring scission of cyclic acetals. Parts I, II, 2914, 2917. 877. 
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a of dibenzyl trans-2-hydroxycyclohexyl phosphate, , Spectra, infrared, of triphenylamine and tri-p-tolylamine, 4, 
of «8-unsaturated ketones, 3425. 














PR. ad alkaloids. Part VI, 1955 of ethyl N-arylurethanes, 676. 
Sophora microphylla, alkaloids of the bark and flowers, 1955. — of nitric acid, 1523. 
Sophorose and derivatives, 4213. C=S absorptions in the infrared, identification by solvent 
Sorbicillin, structure, 346. studies, 2218. 
Sorbus aucuparia L. (mountain ash), triterpenoids from the Hydroxy] stretching frequencies of phencls, 5100. 
bark of, 4303. NH stretching bands of amine complexes of platinum(n), 
Sorption of phenols at the solution-solid interface, 55. 3841. 
Space-charge effects in anthracene, 5186. NH stretching intensities of solasodine, tomatidine, and 
Sparteine, isolation from Ormosia dasycarpa Jacks, 41. derivatives, 3417. 
Spasmolytics, derived from xanthen. Part II, 453. P-O stretching frequencies of phosphine oxides, effect of 
Spectra of N-heteroaromatic systems. Part VIII, 2437. complex-formation on, 2199. 
of protonated transition-metal oxyanions, 290. Vibrational frequency correlations in heterocyclic molecules, 
transfer, of quaternary iodides, 2437. Part VII, 3653. 
erystal, of phthalocyanine, 167. nuclear magnetic resonance, studies in. Parts [ —III, 287 
electronic absorption, of diaryliodonium salts, 2082. 2881, 2886. ore 
of cinnamoy] anion analogues, 1282. of cyclic phosphorus compounds, 4376. 
of derivatives of Michler’s Hydrol Blue, Malachite of gibberellic acid derivatives, 3040. 
Green, and Crystal Violet containing hindered of metal-olefin complexes, 2519. 
dimethylamino- groups, 3790. of organic fluorine compounds, solvent shifts, 877. 
of N-heteroaromatic systems. Parts VI, VII, 219, 1282. of organoiron complexes, 989. 
of homologous series of simple cyanines, merocyanines, of polymethylene and polyethylene, 273. 
and oxonols, 3812. of polymorphic forms of glycerides, 436. 
m resonance, at low temperatures, of pure hydro- of silanes, trisubstituted, 5132. 
carbons and coals, 2489. proton resonance, of 11-keto-steroids, 5118. 
—— of fourteen di-, tri-, and tetra-alkylnaphthalenes, proton magnetic resonance, of t- butyl and isobutyl groups 
in boron compounds, 1040. 
of ‘lkyiplatinum complexes, 2047. Raman, of bicyclo[2,2,2]octane, 4169. 
of amide complexes with boron and titanium halides, of silicon, germanium, and tin hexamethyl compounds, 
2144, 506. 
of aromatic halogeno-compounds, 2421. of the tetrachloroindate and tetrachloroferrate ions, 4473, 
of bicyclo[2,2,2}octane, 4169. ultraviolet, of the bisulphite—pyrosulphite equilibrium, 371]. 
of boron—nitrogen compounds, open-chain, 5239. of diazaindenes, 1794. 
of carbohydrates. Part VIII, 4565. of dihydrodibenzazepinium compounds, 4165. 
of carbohydrate nitrates and sulphonates, 953. of hindered stilbenes, relation of to steric factors, 1078, 
of carbon-carbon double and triple bonds, effect of aryl of naphthyridines, 1790. 
and heteroaryl groups on, 1519. of isolated ethylenic bonds in steroids and triperpenes, 
of cobalt carbonyls, 1882. 697 
of cobalt(m) ethylenediamine complexes. Part I, of oximes from acetoacetamides, 900. 
4369. of phenyl-pyridines and -pyridine 1-oxides and their ¥- 
of ——_- possessing a benzene ring fused to a five- and 4’-nitro- and -amino-derivatives, 4901. 
red ring, 3278. of 4-p-substituted styryl- and phenylethyny]-pyridines 
of some compounds of boron trifluoride, boron trichloride, and their l-oxides and benzenoid analogues, 2954. 
and sulphur trioxide, 2339. vibration, of the hydrochlorides of hydroxy-pyridines and 
of cyclopentanone, carbonyl doublet in, 1909. -pyrimidines, 1226. 
of deuterium compounds. Parts I, IT, 2927, 3681. of hydroxy-pyridines and -pyrimidines, in aqueous solu- 
of ethylene and o-phenylene boric acid derivatives, 380. tion, 1221. 
of furano-group in polycyclic aromatic compounds, of sodium derivatives of hydroxy-pyridines and -pyrimid- 
2458. ines, 1232. 
of heteroaromatic and benzenoid six-membered mono- visible, of iodine-nitromethane—carbon tetrachloride system, 
cyclic nuclei. Part X, 2947. 211. 
of N-heteroaromatic mercapto-compounds and their | Spectrophotometry, for determination of reaction rates in 
N- and S-methyl derivatives, 1237. solution, 2411. 
of iodates of iodine-oxygen compounds, 2429. in the estimation of thermal decomposition of trans-dimerie 
of some iron(0) compounds, 1440. nitrosoalkanes, 2222. 
of metal complexes of 1 ,4-dioxan, 1,4-dithian, 1,4-thioxan, in study of the hydrolysis of iron(1m), 3626. 
piperazine, and 1,4-dimethylpiperazine, 5105. Spectroscopic studies of phenols. Part IT, 5100. 
of some metal-olefin complexes, 2519. Starches, physicochemical studies on. Part XXI, 150. 
of nitriles and their complexes with boron trichloride, | Starch-type polysaccharides, action of Z-enzyme on, 2602. 
2182. Stereochemistry. Parts XV—XVII, 3563, 3571, 3575. 
of 18Q-labelled nitromethane, 1246. Stereochemistry (‘‘ studies in stereochemical structure”). 
of 4*Q-labelled salts. Part I. Silver nitrite and potas- Part XIII (R. Roger et al.), 627. 
sium nitrate, 1242. Stereochemistry, aspects of. Parts III—-V, 201, 2574, 2582. 
of organic compounds of multivalent iodine, 1209. of an acetoxy-tetramethyldecalone, 67. 
of organoiron complexes, 989. of five-co-ordinate compounds. Part I, 1440. 
of periodate-oxidised cellulose, 3147. of pulvinic acid bromo-derivatives, 2134. 
of phenols, 486. octahedral, of chloromolybdenum(m) compounds, 1007. 
of phosphorus compounds, cyclic, 4376. Steric effects in di- and tri-arylmethanes. Part II, 3790. 
of polycyclic heteroaromatic compounds. Part I, | Steric hindrance, in stilbenes, relation to ultraviolet spectra, 
2942. 1078. 
of pyridthiones, 2947. Sterigmatocystin, a metabolite of Aspergillus versicolor Tim 
of s-buty] groups attached to aromatic rings, 2934. boschi, 2169. 
of substituents in aromatic systems. Parts IV—VI, | A‘-*.Steroidal 3-ketones, 1l-oxygenated, dienone—phenol ® 
676, 2421, 4497. arrangement of, 4664. 
of tetrachloroborates, 1772. Steroid hormones, compounds related to. Part I, 3333. 
of thiocyanates, inorganic, 1912. modified. Parts XIV—XX, 2385, 2389, 2596, 2828, 3872, 
of thiocyanogen and thiocyanogen halides, 604. 4657, 4664. 


of transition-metal nitrates, anhydrous, 613. | series, linear free-energy relations in, 2343. 
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sieroidal 58-methyl-a-homo-s-nor-4,4a-unsaturated ketones. 
Hormone analogues, 4657. 
and Walden inversion. 
4864, 4874. 
derived from hecogenin. Part I, 2191. 
of unnatural configuration. Parts I1—V, 2627, 2785, 2792, 


Parts XLIV-XLVI, 4857, 


2800. 
jsolated ethylenic bonds in, ultraviolet spectra, 697. 
ketones of, condensation rates with benzaidehyde, 1297. 
17a-alkyl-178-hydroxy-, prep., 2389. 
9a-bromo-11-keto-, nucleophilic substitution of, 4508. 
6-ethynyl-, prep., 2596. 
17- and 20-monohydroxy-, and derivatives, optical rotatory 
dispersion curves of, 871. 
11-keto-, proton resonance spectra of, 5118. 
1l-methyl, prep., 3333. 
12-methyl-, derived from hecogenin, 2191. 
trans-Stilbene, incorporation of tritium into, by gas exposure 
method, 1411. 
§tilbenes, hindered, relation of ultraviolet spectra to steric 
factors, 1078. 
Stobbe condensation. Part II, 849. 
Strain, steric, in bimolecular olefin elimination, 4054. 
Strychnos species, alkaloids of. Parts I, II, 736, 1848. 
Strychnos toxifera Schomb., new alkaloids from, 1848. 
, anionic polymerisation of: conductivity measure- 
ments, 5234. 
copolymers with divinylbenzene, with two and three inter- 
netrating networks, 1311. 
ediphenylmethyl., synthesis and cyclodehydrogenation of, 
3144. 


a-methyl-, polymerisation ceiling temperature at high 
pressures, 3849. 
Styrenes, substituted, polymerisation ceiling temperatures of, 
2778. 
§ubmicro-methods for organic analysis. Parts XI, XII, 2473, 
3830. 
a-Substituent, tautomerisable, in a heterocycle, effect of, on the 
ionisation of a second substituent, 1020. 
Substitution at an olefinic carbon, nucleophilic, 2349. 
at a saturated carbon atom, mechanism. Part LX, 806. 
aromatic halogen, kinetics and mechanisms. Parts VIII, 
IX, 4039, 4044. 
aromatic homolytic. Parts XVIII—XX, 3769, 3782, 3787. 
electrophilic aromatic, quantitative treatment of, 4885. 
free-radical, in aliphatic compounds. Part II, 144. 
nucleophilic, of the “‘ missing ’’ charge type, 806. 
electrophilic catalysis in. Part II, 1972. 
of 9«-bromo-11-keto-steroids, 4508. 
in 2,3,4,6-tetra-O-methy!glycopyranosyl chlorides, 4637. 
bimolecular, by an anionic agent in a cationic substrate, 
steric course, 800. 
Succinic acid, «x’-dichloro-, anomalous elimination from, 4087. 
Sucrose, aqueous solutions, effect of y-radiation on, 762. 
iodine-catalysed conversion of, into 5-hydroxymethylfur- 
furaldehyde, 787. 
Sugar series, mechanisms of reactions in. Part II, 4637. 
Sugars, paper ionophoresis in molybdate soiution, 4252. 
phosphorylated. Parts I, II, 3758, 3762. 
ureido-. See ureas, glycosyl-. 
Sugar-beet pectin, alkali-stable polysaccharide of, 16. 
Sulphanilides, substituted, 4366. . 
Sulphonamides, as source of quinones, 769. 
N-chloro-N-methylbenzene-, interaction with p-nitrophen- 
oxide ion, 3717. 
Sulphonation, of toluene, 1480. 
p-8ulphonazide, toluene-, coupling with phenoxide ions, 4417. 
Sulphur, antituberculous compounds of. Parts I-IV, 2649, 
2660, 2665, 2674. 
organic compounds of. Part III, 4486. 
organophosphorus compounds of, 881. 
a-, B-, and y-, vapour pressures and latent heats of sublim- 
ation, 1200. 
nitrogen compounds with. Part I, 4236. 
chloride pentafluoride, heat of formation, 4693. 
prep. and properties, 665. 
dioxide, liquid, containing water, glow-discharge electro- 
lysis of, 4138. 





trioxide, infrared spectra of compounds of, 2339. 


of Subjects, 1960. 


Sulphur, Alkylthio-group in nitrogen ring 
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compounds, 
reactivity of. Parts II—IV, 1529, 1537, 5062. 

Arenesulphony! chlorides, reactions, 3063. 

Bis(trifluoromethylthio)mercury, addition compounds of, 
810. 


Bisulphite—pyrosulphite equilibrium, ultraviolet absorption 
studies of, 3711. 

Carbohydrate sulphonates, infrared spectra, 953. 

Cyclic sulphides derived from dimercaptoalkanols, 2660. 

Cyclic and open-chain sulphites, acid-catalysed hydrolyses 
in aqueous dioxan, 5138. 

p-NN-Dialkylsulphamoylbenzoic acid, prep., 1408. 

Diaroyl disulphides and aromatic thio-acids, mechanism 
of action of arylmetallic compounds on, 2533. 

Diary] sulphides, reactions of, 483. 

Diary] sulphones, prep., 2508. 

Dichlorothiocyanato-compounds, derived particularly from 
alcohols and amines; and their decomposition products, 


5079. 

1,2-Dimethy]-1,2-diphenyldiphosphine disulphide, X-ray 
investigation of two isomeric forms of, 523. 

Episulphides of carbohydrates, prep., 1024. 

Isothiocyanates, acyl. Part IV, reaction with acetaldehyde 
ammonia, 1961. 

Persulphate, oxidation by. Parts II, II], 1332, 1339. 

Phenolsulphonic acid, formation of cation-exchange resins 
by acid condensation with formaldehyde, 4820. 

Potassium pyrosulphate, crystal structure, 5112. 

Propylene sulphides, 2665. [ 

Sily] trifluoromethy] sulphide, prep., 3516. 

Sodium dithionite in the reduction of 3-hydroxyquinox- 

aline-2-carboxylic acid and derivatives, 3384. 
Sulphamate, hydrolysis in perchloric acid, 4236. 
Sulphated derivatives of p-glucose and p-galactose, 5026. 
Sulphates of metals, conductivities of solutions in sulphuric 
acid, 4315. 

Sulpheny] chlorides, reaction with ketones, 4486. 

Sulphides and hydroxy-sulphides, mercapto-derivatives of, 
2649. 

Sulphinic acids, reaction with acetic acid and sodium 
cyanate, 3160. 

Sulphito-compounds of palladium(1), 2620. 

Sulphites, organic, alkaline hydrolyses of cyclic and open- 
chain, 37. : 

nucleophilic displacements in. Part VII, 5138. 

Sulphonic acids, halogenated methane- and ethane-, 

arylamides of, 3058. 

Sulphuric acid, solutions in. Part XXVI, cryoscopic 
measurements by an equilibrium method, 814. Part 
XXVII, self-dissociation equilibria of sulphuric acid, 
821. Part XXVIII, osmotic coefficients of electrolyte 
solutions, 837. Part XXIX, densities and apparent 
molar volumes of electrolyte solutions, 845. Parts 
XXX—XXXII, 4315, 4320, 4327. 

anhydrous, cryoscopic study of amide hydrolysis in, 545. 
Tetra-alkylthiuram disulphides, and related compounds, 
reactions with thiols, 1730. 

Thio-bridged complexes of platinum(m), isomerism and 
isomerisation, 2807. 

Thiocyanates, inorganic, infrared spectra and properties, 


1912. 

Thionyl halides, interaction with alkoxytrimethylsilanes, 
2776. 

Thiosulphonates, organic, reactions with di- and tri-alkyl 
phosphites, 1665. 

Trifluoromethanesulpheny] chloride, reaction with ammonia, 
amines, and phosphine, 1103. 

Triphenylphosphine sulphide as a ligand, 1959. 

Trithiocarbonates, cyclic, prep. of dithiols from, 1030. 


Surface areas of solids, specific, use of classification of solution 


adsorption isotherms in measurement of, 3973. 


T 


-D-Taloside, methy] 2,3-anhydro-4,6-O0-benzylidene-, action of 


ammonia on, 3392. 


Tautomerism, of \ -heteroaromatic aldoximes, 22. 


of 2-substituted pyrazines, 242. 
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a radicals, relative rates of «-hydrogen abstraction by, 


Bett alcohol, decomposition with hydrogen bromide as 
catalyst, 2836. 
hydrogen chloride-catalysed decomposition of, 3087. 
chloride, kinetics and reaction mechanisms of, with pyridine, 
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participation, kinetic evidence for, 384. 

Cyclohexane, perfluoro-, slow conformational isomerisation 
of, 389. 

Cyclohexene, reaction with photo-activated carbonyl com- 
pounds, 72. 

Cyclohexyl halides, conformational equilibria of, 117. 

pen ene-1,4-dihydropyridines, prep., 253. 


tadienylid 
| **Qyclopropane platinous chloride,”’ structure, 179. 
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D 
Davydov splitting in the spectrum of anthracene crystals, 
414. 


Depsidone (diploicin), prep., 393. 

Diacetylenes, rearrangement to aromatic compounds, 247. 

Diazo-group, transfer of, 224. 

Diazotisation of aniline at high acidities, mechanism, 245. 

1,2:5,6-Dibenzanthracene, rearrangement of picene to, 120. 

Dichroism of complex salts, 318. 

Diels—Alder reaction of unsymmetrically substituted p-benzo- 
quinones, 405. 

Diploicin (a depsidone), prep., 393. 

Disaccharides, with «-bioside linkages, prep., 250. 

Dithiolium salts, prep., 252. 


Electron-spin resonance absorption spectrum of the phenazine 
semiquinone ion, hyperfine structure in, 175. 

Electron-spin resonance study of the oxidation of phenols, 
67. 

Electron-transfer reactions, alkyl-oxygen fission of ester 
ligands in, 317. 

Epicatechin and catechin, relative configuration, 280. 

(+)-Epicatechin tetramethyl ether, reduction of, 280. 

(—)-Epicatechin tetramethyl ether, mechanism of formation 
of (—)-2-(3,4-dimethoxypheny]) - 3 - (2,4,6 - trimethoxy - 
pheny])propan-1-ol from, 359. 

Esters, «8-unsaturated, cycloaddition to nitrones, 386. 

Ethylene, 1,1-di-(p-methoxyphenyl)-, blue compound formed 
from reaction with carboxylic acids, 353. 

Excited states of benzene, influence of doubly-excited con- 
figurations on, 413. 


Filipin, structure, 311. 

Fluorine : 
Nuclear spin resonance. Part IIT, 389. 
Fluorides of platinum, two new, prep., 14. 
Difluorocarbene, prep., 81. 
Fluoroacetylene, microwave spectrum and structure, 119. 
Fluoroalkylcarbenes, rearrangement of, 22. 
Fluorocarbons, rotational potential barriers in, 389. 
Perfluoroalkyl compounds of germanium, prep., 282 
Perfluorocyclohexane, slow conformational isomerisation 


of, 389. 
Polyfluoroalkylpolysiloxanes, 147. 
Trifluoroacetic anhydride, reactions with azulenes, 72. 
Trifluoromethylfluoroborate anion, 114. 
Formic-d acid, dissociation constant in aqueous solution, 
307. 
Free-radical intermediate in the electroreduction of carbon 
dioxide, 246. 
Friedel-Crafts co-catalysts, Bronsted acids as, 355. 
Fries rearrangements, photo-induced, 217. 


G 


Galanthamine, prep., 392. 
Geigerin and artemesin, stereochemical correlation of, 279. 
Geigerin, acetylbromo-, crystal structure, 278. 
Germanium : 
perfluoroalkyl compounds of, prep., 282. 
Gaseous GeH, thermodynamic properties, 122. 
Organogermanium and organosilicon halides in fast hydro- 
lyses, comparative reactivity, 385. 
Gibberone, prep., 355. 
Glucose : 
Methyl 3-amino-3-deoxy-«-p-glucoside derivatives, prep., 
387 


Methy! 4,6-O0-benzylidene-«-p-glucoside, periodate-oxidised, 
reaction with phenylhydrazine, 387. 
Grignard reagents, reactions with trimeric P-N system, 404. 
Griseotulvin, total synthesis, 284. 
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H 
= nitrogen, reversible addition of water to, 


p- or 3-amino-1,6-anhydro-3-deoxy-, prep. and strue. 
tures, 341. 

Hinokiol, structure and stereochemistry, 174 

Hinokione, structure and stereochemistry, 174. 

Hulupones, relation to the lupulones, 417. 

Hydrocarbons, slow combustion of, role of peroxides, 219, 

Hydrogen, molecular, homogeneous catalytic activation of, 
by cuprous ion in aqueous solution, 241. 

bonding, in di-p-chloropheny] hydrogen phosphate, 

241. 


Hydrogen cyanide, tetrameric structure, 285. 

Hydroperoxide, mechanism of reaction with permanganate in 
alkaline solution, 357. 

Hydroxonium ion, infrared evidence for existence in complex 
salts, 410. 


I 
Indole, 3-acety], simple prep. of yohimbine ring skeleton from, 
340. 


Iodine : 
tervalent, organic derivative of, »-oxodinitratodiphenyldi- 
iodine, 71. 
p-Oxodinitratodiphenyldi-iodine, 71. 
Periodate ion, in aqueous solution, 383. 
Sodium periodate trihydrate, structure, and nature of 
periodate ion in aqueous solution, 383. 
Ionisation potential of the methylene radical, 69. 
Ion-pairs, solvated, solvent extraction of: 
approach, 222. 
Iron : 
carbonyl hydride, lead derivative of, 116. 
Butadieneiron tricarbonyl, crystal structure, 421. 
Cyclopentadienyliron-cyclopentadienylnickel —_ tricarbonyl, 
prep., 419. 
Isatogen, 2-phenyl-, N-oxime, crystal structure, 70. 
Isoclovene, crystal structure, 82. 
Isoisatogen, 2-phenyl-, crystal structure, 70. 
Isorotenolols, structure and stereochemistry, 276. 
Isorotenolones, structure and stereochemistry, 276. 


theoretical 


L 


Lagosin, structure of the antibiotic, 310. 

Lead derivatives of iron carbonyl] hydride and cobalt carbonyl 
hydride, 116. 

Ligands, ester, alkyl-oxygen fission of, in electron-transfer 
reactions, 317. 

Linoleic acid, prep., 221. 

y-Linolenic acid, prep., 221. 

Lithium : 
pyruvate monohydrate, Raman spectrum, 242. 
n-Butyl-lithium, reaction with styrene, 146. 

Lupulones, relation to the hulupones, 417. 

Lycorine, biosynthesis of, 410. 


a-Cyclohexadienyltricarbonylmanganese, prep., 311. 
Permanganate, mechanism of reaction with hydroperoxide 
in alkaline solution, 357. 
Tricarbonylnitrosylmanganese, 81. 
Meerwein—Wagner rearrangement in the gas phase : 
of neopenty] chloride, 409. 
(—)-Melacacidin, absolute configuration, 345. 
Metals, of B-sub-group, complexes of, 20. 
of Group IVs, alkyl derivatives, vapour-phase chrom 
tography of, 288. 
transition, complexes formed by «-hydroxyamidines with 
ions of, 314. 
protonation of carbonyl complexes of, 356. 
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nitrite by, 316. 
reaction with methy] nitrite, 73. 
{ethyl nitrite, reaction with methy] radicals, 73. 
{ethylene radical, ionisation potential of, 69. 
icrowave spectrum, and structure of fluoroacetylene, 119. 
of silyl cyanide, 21. 
and structure of silyl isothiocyanate, 220. 
Molecular integrals, calculation of, 388. 
(+)-Mollisacacidin, absolute configuration, 345. 
Kolybdenum(0), ditertiary phosphine complexes of, 243. 
fonophosphoinositide, structure, 212. 
florphine, biosynthesis of, 287. 
biosynthesis of : formation from norlaudanosoline, 360. 
funduserone, 176. 
(4-)-Munduserone, prep., 177. 
Kyoinositol 4- and 5-phosphate, prep., 415. 


Naphthalene : 
Sodium naphthalide, anionic initiation with, 121. 
Seighbouring-group participation, kinetic evidence for cyclo- 
hexane boat intermediate during, 384. 
feopentyl chloride, pyrolysis of : Wagnsr—Meerwein rearrange- 
ment in the gas phase, 409. 
Nickel : 
Five-co-ordinated compound of, stereochemistry, 415. 
Cyclopentadienyliron-cyclopentadienylnickel tricarbony]l, 
prep., 419. 
litration, aromatic, anomalous ortho:para-ratios in, 423. 
Nitrogen : 
heterocycles of, reversible addition »f water to, 342. 
Methy] nitrite, reaction with methy] radicals, 73. 
Nitric oxide, abstraction from t-butyl nitrite by methyl 
radicals, 316. 
Nitrous acid, effect of oxygen and hydrogen peroxide on the 
oxidising action of, 218. 
Nitrous oxide, radiation-induced chain reaction in decom- 
position of, 213. 
Hitrones, condensation with olefins, 254. 
cycloaddition of «8-unsaturated esters to, 386. 
Norlandanosoline, formation of morphine from, 360. 
Yovobiocin, biosynthesis of, 291. 
Nuclear magnetic resonance investigation of the reaction 
between arsenic trifluoride and sulphur trioxide, 308. 
Joclear spin resonance of fluorine. Part ITT, 389. 
Nucleosides, catalytic oxidation of, 290. 


oO 


Oestrone, total synthesis, 74. 

Olefins, acidic reagents for isomerisation of, 412. 
chloroboration and allied reactions of, 353. 
condensation with nitrones, 254. 

Organometallic compounds, vapour-phase chromatography of, 
288. 


P 


Palladium : 
Allyl(cyclopentadieny])palladium(1), prep., 247. 
Paprika ketones, 19. 

Pent-l-ene, 4-methyl-, isotactic copolymers with styrene, 225. 
es, role in slow combustion of hydrocarbons, 219. 
Phenazine semiquinone ion, hyperfine structure in electron- 

spin resonance absorption spectrum of, 175. 
Phenols, oxidation of, electron-spin resonance study, 67. 


Bisperfluoromethylphosphonitrile, polymeric, prep., 219. 

Dialkyl dihydrogen methylenebisphosphonates for solvent 
extraction of metals, 288. 

mee Aienephenyt hydrogen phosphate, hydrogen bonding 
in, 241. 
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Phosphorus (contd.): 

Ditertiary phosphine complexes of molybdenum(0), 243. 

Monophosphoinositide, structure, 212. 

Phosphine oxides, liquid, prep., 351. 

Phosphonitrilic dimethylamide P,N,(NMe,),, tetrameric 
(octakisdimethylaminocyclotetraphosphazatetraene), 
structure, 425. 

Phosphorohydrazidates as phosphorylating agents, 212. 

Phosphorus-silicon compounds, 123. 

Phosphorylating agents, phosphorohydrazidates as, 212. 

Triethyl phosphite, deoxygenation of pyridine N-oxides 
with: novel oxygen- and peroxide-catalysed reduction, 
418. 

Trimeric P-N system, reactions with Grignard reagents, 


Trimethylphosphine, gaseous, completeness of bond 
rupture in thermal neutron capture of, 289. 

Photolysis of benzene in viscous solvents, 352. 

Photo-oxidation of C-labelled acetone, 115. 

Picene, rearrangement to 1,2:5,6-dibenzanthracene, 120. 

Picrolichenic acid, total synthesis, 390. 

Platinum : 
carbonyl fluorides, prep., 317. 
two new fluorides of, 14. 

PtCl,?-—I- and PtBr,?~-I- replacement reactions, kinetics, 
118. 
“‘ Cyclopropane platinous chloride,” structure, 179. 

Polymerisation : 
anionic initiation with sodium naphthalide, 121. 
cationic, co-catalysis by alky] halides in, 68. - 

Polymers, deeply coloured electrically conducting, 249. 

Polynucleotides, projected stepwise degradation of: catalytic 
oxidation of nucleosides, 290. 

Propan-1l-ol, (—)-2-(3,4-dimethoxypheny])-3-(2,4,6-tri- 
methoxypheny])-, absolute configuration, and mechanism 
of formation from (+)-catechin and (—)-epicatechin tetra- 
methy] ethers, 359. 

Propionate, incorporation of, in biosynthesis of ¢-pyrro- 
mycinone (rutilantinone), 347. 

Protonation of transition-metal carbonyl complexes, 356. 

Pyrethrolone, enols of, 406. 

Pyridine, reaction with carbene, 286. 

N-oxides, deoxygenation with triethyl phosphite: novel 
oxygen- and peroxide-catalysed reduction, 418. 
pentafluoro-, 211. 

Pyridines, 4-cyclopentadienylidene-1,4-dihydro-, prep., 253. 

Pyridone cations, structure, 313. 

e-Pyrromycinone (rutilantinone), incorporation of propionate 

in biosynthesis of, 347. 
synthetical studies, 349. 


Q 


Quinoline, adducts with dimethyl acetylenedicarboxylate, 
281. 


Raman spectrum of lithium pyruvate monohydrate, 242. 
Rhodium : 
carbony] fluorides, prep., 317. 
Carbonyl compounds of rhodium(t1), kinetics of substitution 
and exchange reactions of, 358. 
Rotenolols structure and stereochemistry, 276. 
Rotenolones, structure and stereochemistry, 276. 
Rotenone, stereochemistry, 274. 
Rutilantinone (e-pyrromycinone), incorporation of propionate 
in biosynthesis of, 347. 
synthetical studies, 349. 


Salts, complex, infrared evidence for existence of the hydrox- 
onium ion in, 410. 
Scymnol (from shark bile), constitution, 344. 


5332 Communications to Proceedings: Index of Subjects, 1960. 


Selenium : i T 
Selenonaphtheno{2,3-b]selenonaphthen, and derivatives of, | . 
prep., 181. (—)-Tetracacidin, absolute configuration, 345. 
Semiquinones, acidic, 84. Thermal neutron capture of gaseous trimethylphosphine 
Sericetin, flavonoid from Mundulea sericea, 177. completeness of bond rupture in, 289. 
Serini-Logemann reaction, mechanism, 22. L-Threonine dehydrase of sheep liver, 255. 
Sheep liver, t-threonine dehydrase of, 255. Tin, co-ordination of, in stannous chloride dihydrate, 312, 
Silicon : ‘ Trimethylamine-boron trifluoride adduct, interaction with 
Gaseous SiH, thermodynamic properties, 122. boron trichloride, 149. 
Organosilicon and organogermanium halides in fast hydro- 
lyses, comparative reactivity, 385. U 
Polyfluoroalkyl polysiloxanes, 147. 
Silicon—phosphorus compounds, 123. : ility i , : 
Silyl ayant, microwave spectrum, 21. —— Cy ey Saye 6 eee 
Silyl isothiocyanate, microwave spectrum and structure, 
220. 
Solvent extraction, of metals, dialkyl dihydrogen methy]- v 
enebisphosphonates as reagents for, 288. (+)-Vernolic acid, prep., 221 
of solvated ion-pairs : theoretical approach, 222. a3 » Prep.» ; niall 
Steric hindrance aad assistance in 7 5 aoa reactions of Vitamin B,, pe-ensyme, structural observation on, 2% 
tervalent boron compounds, 148. 
Steroidal ketones, A'*- and A'4*., new reagent for prep., w 
14. 
Steroids, 17«-, hydroxylation of, 214. Wagner-Meerwein rearrangement in the gas phase : pyrolysis 
—— isotactic copolymers with 4-methylpent-l-ene, of neopentyl chloride, 409. 
5. 
reaction with n-butyl-lithium, 146. 
Substitution, aromatic, light-sensitive: interaction of 1,3,5- Y 
trinitrobenzene with aqueous alkali, 403. 
Sulphur : | Yohimbine, simple prep. of ring skeleton from 3-acetylindole, 
trioxide, nuclear magnetic resonance investigation of | 340. 
reaction with arsenic trifluoride, 308. 
Disulphuric acid, cryoscopic constant of, 18. Zz 
Dithiolium salts, prep., 252. 
Sulphurous esters, structure, 283. Zinc, quinqueco-ordinate complex of, 256. 
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